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ABSTRACT

2,2%79

The effectiveness of a class of low-cost fault-detecting codes for

binary arithmetic is investigated. Causes of arithmetical errors are

studied, and error magnitudes are related to logic faults and to the

arithmetic algorithms of the processor. The effectiveness of the fault-

detecting codes is considered for three types of logic faults. Cases of

one-use and of repeated use of the faulty logic element during an

algorithm are investigated separately. Fault location and the applica-

tion of several check factors are developed as extensions of the fault-

detecting algorithm.

(Q/ULW')

. CHARACTERIZATION OF ERRORS IN DIGITAL ARITHMETIC

A. Digital Arithmetical Processors

In a digital computing system it is possible to recognize
one or more functional groupings of logical and storage
elements as the arithmetical processors of the given sys-
tem. For the following discussion, an assembly of digital
circuits is said to be an arithmetical processor when it
behaves as a “black box” with the following input/output
characteristics:

1. The inputs are an operation command (¢) and one
or more operands (X,Y). The operation command
specifies one from a set of available arithmetical
algorithms {¢}. The operands are digital numbers
from the set of allowed operands {X}. Each operand
represents a numerical value.

2. The outputs are numerical and /or logical results. The
numerical results are digital numbers from the set
of allowed results {Z}. The logical results represent

the logical values “true” and “false” They either
indicate the occurrence of singularities (nonrepre-
sentable numerical results) or provide two-valued
information regarding the values of the operands
(equality, ordering, etc.).

. The values of the results are uniquely specified

arithmetical functions of the values of the operands.
The required function is specified by the operation
command; consequently, the expected behavior of
the arithmetical processor is entirely deterministic.
For any specific design of an arithmetical processor,
it is possible to associate with every input combi-
nation (¢, X,Y) an execution time t (¢,X,Y) and a
hardware cost h($,X,Y). These functions describe
the time required to generate the complete result(s)
and the count (in some standard units) of digital
hardware of the processor which is employed in the
specified operation.
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The choices of the set of operation commands {¢} and
of the set of allowed digital numbers {X} depend on the
class of problems which are assigned to the arithmetical
processor. These problems in digital systems range from
simple counting to the execution of a large set of floating-
point arithmetic operations with wired-in significance
indication and error checking. The choice of a specific
number representation system and the logic design of the
arithmetical processor depend on the required execution
times and on the allowed hardware cost for the imple-
mentation of the set of operation commands {¢}. It
should be observed that the cost of arithmetic control is
incorporated into the cost of the processor by the preced-
ing description.

Two limiting cases may be distinguished in the design
of digital arithmetical processors. Stored (or table-lookup)
arithmetic is employed when all possible results are stored
in their final form and execution of an operation (¢, X, Y)
consists of reading the corresponding result(s) from the
storage location specified by (¢, X,Y). Primitive (or
Turing-machine) arithmetic is emploved when all numer-
ical values are represented in the unary number system
(by repeated occurrences of a single symbol) and the
arithmetical algorithms arc executed as sequences of ele-
mentary replacement operations. Between these two
extremes we find positional arithmetic, in which various
positional (digital) number representations are employed.
The results are computed by means of arithmetical algo-
rithms, which are ordered sequences of table-lookup
operations at the level of individual digits.

It may be generally observed that the longest execution
times and the least hardware cost will be encountered in
primitive arithmetic. Positional arithmetic offers shorter
execution times at the cost of more hardware and more
complex control sequences; various balances between
speed and hardware cost are offered by serial, partially
parallel, and fully parallel processing of operand digits.
At the other extreme, stored arithmetic offers a fixed short
execution time at a very high hardware cost.

B. Errors in an Arithmetical Processor

A computational error occurs in the operation of an
arithmetical processor whenever its actual behavior devi-
ates from the expected behavior. In the case of an error
the value of the result which was produced in responsc
to the inputs (¢, X,Y) is not equal to the expected value
which was specified by the designer. Errors of an arith-
metical processor may be grouped into two categories:

1. A control error occurs when the wrong algorithm is
executed (¢’ instead of the specified ¢).

2. An arithmetical error occurs when execution of the
specified algorithm ¢ yields a result whose value is
not equal to the specified value.

Both types of errors are caused by faults of logic circuits
within the arithmetical processor. A fault is either a tran-
sient (temporary) or a permanent deviation of a logic
variable from its specified logic value. Because of the
limited reliability of logic circuits, the detection of errors
remains an important problem in the design and use of
digital computing systems.

The currently more common of two approaches to the
detection of computational errors may be called “soft-
ware checking.” In this case the programmer incorporates
checking into the program, and the arithmetical results
are verified at more or less frequent intervals by means
of additional instructions which are redundant in a prop-
erly functioning computer. Correction procedures in case
of an error also must be programmed. The cost of soft-
ware checking consists of the additional programming
effort, and of the execution time and storage requirements
for the redundant instructions. The logic design of the
arithmetic processor remains unaffected by software
checking.

An alternative to software checking is the relegation
of the checking function to logic circuits which are
included in the arithmetical processor. This is the “hard-
ware checking” approach. The results and/or the oper-
ands of each algorithm are automatically (that is, without
programmed commands) tested for acceptability. The
indication of an unacceptable result initiates an cmerg-
ency sequence. This sequence performs an error correc-
tion by repetition in case of a transient fault or a fault
correction by means of replacement or repair of the pro-
cessor in the case when a permanent fault is diagnosed.

The cost of hardware checking consists of the addi-
tional logic circuits and of the potentially increased
execution times of the arithmetical algorithms. Compared
to software checking, the hardware approach offers two
advantages. First, the programmer does not need to
supply the checking instructions; this is expected to be
especially important in programming complex digital sys-
tems with many processors, such as the class of “Holland
machines.” The second advantage is offered by the im-
mediacy and the diagnostic nature of hardware checking.
An immediate detection avoids a propagation of the error,
corrects (by repetition) the effects of transient faults and
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facilitates the development of fault correction by means
of automatic replacement or repair techniques. The veri-
fication of the acceptability of input operands supplied
by another processor provides an approach to error-free
operation and self-repair of systems employing many
intercommunicating arithmetical processors.

The general acceptance of hardware implementations
of floating-point arithmetic and the development of hard-
ware algorithms for significant digit arithmetic, both of
which replace programmed implementations, are char-
acteristic of the trend to reduce the programmer’s load
by providing more sophisticated algorithms in the arith-
metical processor. It is very probable that the introduction
of hardware checking will provide the next step in the
development of more effective arithmetical processors.
The general acceptance of hardware checking depends
on the development of relatively fast and economical
arithmetical algorithms which allow immediate detection
of the most likely faults within an arithmetical processor.

The following sections of this report present a discus-
sion of the forms and properties of arithmetical errors in
conventional number systems, especially in the binary
system. An earlier study (Ref. 1) presents a class of arith-
metical codes which permit low-cost checking of binary
arithmetic. These codes are further evaluated in this
paper. Further studies of control error detection, of
arithmetical error detection in redundant and residue
number systems, and of other methods of arithmetical
coding are now in progress and will be reported upon
completion.

C. Properties of Arithmetical Errors

There exist many types of codes for the detection
and/or correction of errors occurring during the trans-
mission of information. Words in these transmission codes
generally do not retain their properties when subjected
to arithmetical algorithms, and, consequently, transmis-
sion codes are applicable only in stored arithmetic. For
the checking of positional (digital) arithmetic it is neces-
sary to employ arithmetical codes, whose properties are
preserved in the results of arithinetical algorithms. Since
transmission is a special case of an arithmetical opera-
tion, it is evident that the arithmetical codes are subject
to more general requirements and therefore are not a
subclass of transmission codes, but form a field of study
in their own right.

The initial prerequisite for the discussion of arith-
metical codes is a description of arithmetical errors and

an enumeration of their properties. Since an arithmetical
error is defined as a departure from the specified value
of the result, the description must indicate this change
and furthermore relate it to its potential causes. The
change in value is considered to be the effect of an un-
requested arithmetical algorithm which has been caused
by a fault and has been applied to the correct result.
An unrequested addition of an error number to the cor-
rect result offers a convenient model to describe the effect
of any possible arithmetical error. In a positional number
system an arithmetical error is recognized when the actual
result of an algorithm differs from the specified (ie.,
correct) result in at least one digital position. It should
be observed that in redundant number representations,
in which two or more distinct words may represent the
same numerical value, this definition allows errors of
value zero. To limit the scope of this paper, further dis-
cussion will be restricted to conventional number systems,
although most of the development applies to other num-
ber systems as well. A conventional number system has a
constant positive base b =2, and the only allowed digit
values are 0,1, - - - ,b — 1. Such systems are nonre-
dundant, and every error causes an observable change
in the value of a result.

An arithmetical error has occurred if the correct (ie.,
specified,) result corresponding to inputs (¢, X,Y) is the
conventional, base b, digital number S, composed of n
digits (s,-1 " * 8 ° * * S), and the actual result is the
digital number S* composed of n digits

(e s)
such that

§i s

(n—1=i=>0)

holds for one or more positions ¢ of the actual result $*.
Corresponding to every possible arithmetical error there
exists an error number E, composed of n digits

(€n.r """ € " e
which have the values:
€; = ST — &

(n—1=i=0)

The error number E is a redundant form, since its digits
may assume any one of 2b — 1 values:

-b-1, ---,-1,01,---,(b-1

when the values of both s; and s% range from O to b — 1
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inclusively. Properties of redundant number representa-
tions of this type are discussed in Ref. 2.

For an example, consider the addition of two 5-bit
binary numbers (X,Y) during which the rightmost bit of
X is entered incorrectly into the adder:

Correct Addition: Actual Addition:

X = 00100 X = 00101
Y = 10011 Y = 10011
S = 10111 actual result S* = 11000

correct result S = 10111

error number E = 01111

In this and all following examples, negative digit values
will be represented with the minus sign above the integer
(1 for value —1, 5 for ~5, etc.)

The error value E of an error number E is given by the
conventional expression

H-1
E == E (’,‘l);
and is within the range
b»—1>=E= — (b"—1)

excluding the value zero.

The error magnitude |E| is the absolute value of the
associated error number E

n-1

|E|: E(’ibi

and the range of error magnitudes |E]| is
b —1=|E| =1

The error magnitude is the most important single property
of an error number, since it determines the detectability of
the error by means of an arithmetical checking algorithm.

Since there are 2b — 1 possible values of every digit ¢;,
there exist (2b — 1)" — 1 different forms of an n-digit
error number (the case ¢; = 0 in all positions is excluded).
Every error number E which has a positive value
E = +|E| forms a symmetric pair with an error num-
ber E’ which has the negative value E’ = — |E|. This
negative member E’ of the pair is formed by changing

the signs of all nonzero digits of the positive member
E (e} = —e;).

Every symmetric pair of n-digit error numbers belongs
to one of b — 1 magnitude classes according to the error
magnitude |E| associated with the pair (E, E’). It is
evident that because of the redundancy of the error
numbers most magnitude classes contain more than one
symmetrical pair of error numbers. The pairs contained
in one magnitude class will differ in the locations, values
and the total count of nonzero digits.

For example, the binary error number of the preceding
example (E = 01111) forms a symmetrical pair with the
form E’ = 0I111. This pair belongs to the magnitude
class |E| = 1, which also contains four other 5-bit posi-
tive pair members 00001, 00011, 00111, 11111 and the
negative members of each pair.

The second significant property of every symmetrical
pair of error numbers is the count of nonzero digit values,
called the multiplicity p of the pair. In any magnitude
class |E| = K, one or more symmetrical pairs of error
numbers will have the least value of n. This minimal
multiplicity is designated by w(K) and is called the
weight of the error magnitude K. In the example given
above, the magnitude class |E| =1 has the weight
w (1) = 1, determined by the form 00001 which has the
least multiplicity p = 1. The weight w(K) frequently
serves as an indicator of error probability. For instance, it
indicates the least number of nonzero digits which an
error number must contain in order to cause an error of
magnitude K by means of an unlimited-length parallel
addition. Carry propagation will cause the appearance
of other error numbers from the magnitude class K in
this case.

Another important property of an error is the damage
pattern, which is the distribution pattern of nonzero digit
values and of their signs in the associated error number.
This pattern relates the error to a fault of a logic circuit,
especially in the case when the circuit is employed more
than once during a given algorithm.

Both weights and patterns provide means of relating
arithmetical errors to their causes. The knowledge of
potential causes, in turn, permits the allocation of rela-
tive probabilities to error numbers and to magnitude
classes, and a subsequent evaluation of the effectiveness
of various methods of checking. Unless otherwise specif-
ically stated, the “worst case” approach will be used in
cvaluation: if several causes may generate a given error
number, the most probable cause must be assumed.
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il. ORIGINS OF ARITHMETICAL ERRORS

A. The Causes of Arithmetical Errors

In order to assign relative probabilities to various error
magnitudes, it is necessary to consider the causes of
arithmetical errors. An arithmetical error is caused by one
or more faulty logic circuits, which fail to implement
their specified functions. For the purpose of this discus-
sion, the term component refers to an electronic com-
ponent (resistor, capacitor, diode, transistor, etc.), the
term circuit refers to a logic circuit (either combinational
or a binary storage element), and the term logic net refers
to a network of logic circuits.

The term fault will be employed to designate the devia-
tion of logic variables from their specified values at one
or more points within a logic net. The fault either causes
the variable to be inverted or forces it to assume a con-
stant logic value. The term “fault” thus encompasses the
undesirable effects both of the physical failures of com-
ponents and of the injection of improper signals by a noisy
environment, A convenient classification of faults is shown
in Fig. 1, together with the different criteria applied at
each level. The figure demonstrates that the effect of any
fault may be expressed as the cumulative effect of a set
of single, local, one-use faults. The potential membership
of this set and the method by which the effect accumu-
lates is determined by the type of the fault and by the
algorithm which is being executed using the faulty cir-
cuit. The actual membership is selected from the potential
membership by the operand(s) of the algorithm, since
generally some faults from the potential membership will
be ineffective (the fault-induced value will correspond
with the specified value).

A single fault is a fault which is caused by one fault-
inducing event; the term multiple fault (double, triple,
etc.) refers to several single faults (caused by independent
events) occurring simultaneously in time, that is, during
the same algorithm. The effect of a multiple fault is
described in terms of its component single faults. A single
fault may be local or distributed (pseudomultiple) with
respect to a logic net and a number system. Generally, a
local fault inflicts a certain minimal measure of damage

on the result of a specified algorithm which is elementary
in the given processor. In binary arithmetic a local fault

is defined as causing a one-unit error in one digital posi-
tion of either an operand or a result of an elementary
algorithm (one-bit transfer, complementation, shift, addi-
tion), while a distributed fault has a more extensive effect
on one or more digital positions. (For example, a single

distributed fault would cause both sum and carry out-
puts of a binary adder circuit to be 1 when the correct
outputs are both 0). A distributed fault is described as a
multiple occurrence of single local faults (in two adjacent
positions of the sum in the above example). Prevention of
distributed faults is an objective of logic design.

Faults are further classified with respect to the algorithm
which is being performed. If a faulty circuit is not em-
ployed by the algorithm, the fault is inactive. If the faulty
circuit is employed once, the fault is designated as a
one-use fault, and if it is employed more than once, the
fault is a repeated-use fault. In order to facilitate fault
analysis, it is convenient to distinguish three types of
algorithms with respect to every logic circuit in an arith-
metic processor with checking provisions. An unrelated
algorithm does not employ the given circuit. A one-use
algorithm employs the given logic circuit only once before
a checking algorithm is applied to the result. A repeated-
use algorithm employs the given logic circuit more than
once before a check is performed. It is evident that a
repeated-use algorithm may be changed into a sequence
of one-use algorithms by increasing the frequency of
checking; however, the time required by the algorithm
will be increased by the change. For example, conven-
tional multiplication in a parallel arithmetic unit is a
repeated-use algorithm with respect to the adder circuits,
while the introduction of a check after every addition will
convert it into a sequence of one-use algorithms and slow
down its execution. On the other hand, the repeated use
of a faulty circuit will compound the effects of the fault
on the result, and fault detection will be less probable.

In the case of one-use local faults in binary arithmetic
processors the only manifestation of the fault is the inver-
sion of the value of one binary digit. This inversion fre-
quently is due to a logic variable assuming a constant
value; therefore, it is convenient to say that the point
representing the digit value is “stuck on 0” or “stuck on 1”
during the use of the faulty circuit. When the fault-
induced value corresponds with the required value, the
fault does not affect the result and is said to be ineffec-
tive; otherwise it is effective.

The situation becomes considerably more complicated
in the case of repeated-use faults, since the duration and
the variability of the fault condition need to be consid-
ered. A fault is said to be permanent if it persists through-
out the entire algorithm, and transient if it does not exist
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during one or more uses of the circuit. A transient fault
is considered as a permanent fault which is ineffective
during the uses for which the fault does not exist, and is
either effective or not during the remaining uses of the
faulty circuit. It is also necessary to observe that a defec-
tive component may cause an arbitrary change in the
logic function of a circuit (e.g., complement the required
output). Furthermore, the logic value at a point may
become uncertain and be interpreted randomly as either
one or zero during the repeated uses of the faulty circuit.
In these cases the point at which the fault occurs is said
to be “stuck on X,” and the fault is said to be indetermi-
nate. The faults which appear as the “stuck on 0” and
“stuck on 1” conditions are said to be determinate.

A determinate fault in a repeated-use situation will be
either effective or ineffective during each use, depending
on whether the fault condition coincides with the correct
value or not. When the algorithm requires k uses, the
faulty circuit will generate one of 2F possible damage
patterns, one of which is not observable (fault is ineffec-
tive during all k uses). The effect of the repeated-use
fault is the same as the cumulative effect of a set of one-
use faults corresponding to the uses during which the
fault was effective. The details of the damage pattern are
determined by the algorithm which is being executed.

An indeterminate fault is conveniently interpreted as a
pair of transient determinate faults, since during each
specific use the “stuck on X” point will behave as either
“stuck on 0” or “stuck on 1,” or the fault will be ineffective.
Consequently, k uses of the faulty circuit will generate
one of 3% possible damage patterns (one of which is
ineffective throughout all k uses). The effect of the inde-
terminate fault is then the cumulative effect of two
determinate faults, one of the “stuck on 0” and the other
of the “stuck on 17 type.

The preceding consideration of faults permits the con-
clusion that the effect of a fault in the circuitry of an
arithmetical processor may be stated in terms of the
cumulative effect of an equivalent sequence of single
local one-use faults, to be called elementary faults, with
only the effective members contributing to the error
value. The type of the fault and the values of input
Boolean variables determine whether a fault is effective
or not during any given use of the faulty circuit. The
membership in the equivalent sequence of elementary
faults is determined by the type of fault, the logic design
of the arithmetical processor and the specific algorithm
being executed.

The purpose of this classification is to establish for any
fault an equivalent sequence of elementary faults. When
the error value which is contributed by an elementary
fault is known, the equivalent sequence, together with the
design details of the arithmetic processor, will indicate
the error value or the set of potential error values which
will be caused by a given fault. The probability of this
fault (obtained from circuit considerations) now is related
to one or several magnitude classes of error numbers.

The effects of faulty circuits will be considered for the
case of most immediate interest, that is, for binary arith-
metic. The direct correspondence between digit values
and the values of logic variables in binary arithmetic
greatly facilitates the identification of an elementary fault
with the value of an error number.

B. Fault Effects in One-Use Binary Algorithms

The observable symptom of a fault within an arithmetic
processor is the error number. The relationship between
a fault and the resultant error number is determined by
the algorithms, the number system, and the logic design
of the processor. It is convenient to define an clementary
fault in binary arithmetic to be a fault which causes a
one-unit error in one digital position of either an operand
or a result of an clementary algorithm. This is a minimal
amount of damage in a simple operation. The elementary
digit algorithms of a binary arithmetic processor with
respect to error generation are one-bit transfer, comple-
mentation, shifting, and addition.

Common onc-use parallel word algorithms in binary
arithmetic are the transfer, shifting, and bit-wise comple-
mentation of a binary number. In these algorithms an
effective elementary fault will generate an error number
of magnitude 2 . The weight w (2/) and the multiplicity u
of this error number are both 1; that is, the error num-
ber has a single +1 or —1 digit in the fault position j.
Parallel addition is a one-use algorithm which requires
more detailed consideration because of the finite length
of an adder.

Parallel binary addition (or subtraction) is performed
modulo A (with A, = 2" — 1 or A, = 2") in binary arith-
metic processors. An effective elementary fault in posi-
tion j will add an error number E; to the correct result.
The values which E; may assume in parallel binary
modulo A addition are:

1. E; = 2/ (a unit was added in position j of the result).

2. E; = —2/ (a unit was lost in position j of the result).
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3. E; = —A -+ 2/ (an erroneous carry-out occurred be-
cause of 1).

4, E; = A — 2/ (a required carry-out did not occur be-
cause of 2).

The same values occur in parallel binary modulo A sub-
traction. An ineffective elementary fault will not be
observable (E; = 0). The observable error numbers will
belong to two magnitude classes:

|E;| =2/
and

B =A-2

with n —1=j=0. The error magnitude 2/ has the
weight 1 (2/) = 1, while the multiplicity depends on the
carry (or borrow) propagation changes caused by the
fault.

The weight w(A —2/) and the multiplicity of the
associated error number depend on the choice of A and
on the value of j. Generally, the error magnitudes 2/ and
A — 2/ form one class with respect to parallel modulo A
addition and subtraction, since both can be caused by an
elementary fault. When A = 2" —1 is chosen, thc error
magnitude A — 2/ corresponds to a form in which there
is only a single zero digit in the position §; all other digits
are either all +1, or all —1. This error number (e.g.,
1101111) is recodable into a minimal form (Ref. 1, p. 3)
possessing the restricted property M (e.g., 1110001). This
form has the weight n — j + 1, with “1” digits in positions
i to n — 1, inclusive, and a 1 digit in position 0. Excep-
tions are § =0 (e.g., 111110) and j =1 (e.g.,, 111101),
which are already in the restricted minimal form, and
have the weight n — 1. The choice A = 2" yields the error
magnitude 2" — 2/ = (2" — 1) — (2/ -~ 1), which corre-
sponds to the restricted minimal form of weight n — j,
with n — 1=;=0.

In the case of two independent elementary faults, either
one of which may generate the error values =2/ and
=+ (A — 2/), the cumulative error value will be

E:EI'+E,'

with n — 1=j=i>=0. Modulo A summation of the pos-
sible error values yields 8 discrete results:

+ (2 = 21)

and

+ [A — (27 = 21)]
The error magnitudes are then

|E.] =2/ =2
and

A— |E,|

and the undetectable errors are the “weight 2”7 errors
(Ref. 1, p. 12) and their complements with respect to A.
The analysis may be directly extended to three or more
independent elementary faults.

C. Fault Effects in Repeated-Use Binary
Algorithms

The parallel binary adder and the shifting circuits are
used repeatedly in multiplication and division. In these
cases a local fault will contribute an error number during
each use of the faulty circuit. The value of this error
number will be zero when the fault is ineffective, and
+2/ or ==(A — 2/) when the fault is effective. In shifts,
transfers, and complementation, the cumulative effect of
the error numbers is addition of the values +27 or zero
(without carry propagation) for cach use. In an addition,
the effect is modulo A addition (with carry propagation)
of 2/ or = (A — 2/} or zcro for each use. Any one of
the listed values may be contributed by an indeterminate
fault (“stuck on X”) during any one use. A determi-
nate fault (“stuck on 0,” or “stuck on 17) will contribute
the 2/ term with one sign only. In an addition, “stuck
on 0”7 contributes only —2/, A — 2/, or zero; “stuck on 1”
contributes only 2/, —A 4 2/, or zero. It is readily dem-
onstrated that the error value = (A — 2/) can occur only
once {(or not at all) during one algorithm.

It is necessary to note that the partial products (or
partial remainders) which are held in the accumulator
are shifted with respect to the adder circuitry and the
multiplicand (or divisor) in most parallel arithmetic
processors. A local fault in position j of the adder circuitry
or of a register then will contribute one-unit errors to
various positions of the result in the accumulator. In this
case, j designates a set {J} of locations in the result. The
membership of this set is determined by the details of the
algorithm and by the detailed logic design of the arith-
metic circuits. For example, a string of adjacent positions
in the product will belong to {J} when multiplication
employs a right shift of one position. The preceding con-
siderations show that the choice of algorithms and details




of logic design affect the error patterns which will be
generated by a local fault. A search for optimal algorithms
and designs with respect to error detection is therefore
an additional objective of arithmetic processor design.
For example, elimination of single shifts in multiplication
will alter the error pattern in a favorable direction.

The elimination or control of distributed faults is a
further design consideration. For example, a faulty flip-
flop in an operand register with a provision for adding
the multiples 1 and +2 of the multiplicand (or divisor)
to the accumulator will affect two adjacent digital posi-
tions of the adder and therefore is a distributed fault.

Further important cases of repeated-use algorithms are
found in a byte-organized computer. A computer is said
to be byte-organized when data transfer and addition are
performed b bits at a time (in a “series-parallel” manner).
One b-bit section of the n-bit word is called a byte, and
b is the byte length, One effective local fault will con-
tribute a one-unit error in the same relative position of
every byte of the result. When one machine word con-
sists of k bytes (n = kb), a determinate local fault will
contribute one of 2F possible error values. An indetermi-
nate local fault (“stuck on X”) in this case generates one
of 3% error values. Furthermore, the complement magni-
tudes A — |E| also may occur during an addition.

D. Criteria for Hardware-Checking Methods

Hardware checking was described as an automatic
validity test of results and, or operands in an arithmetic
processor. The presently known methods of hardware
checking are:

1. Partial (separate check symbols) or complete dupli-
cation of the arithmetic processor, followed by a
comparison of results and decision.

2. Arithmetical coding of all operands; the coding is
retained by the results and permits their verification
by a checking algorithm.

The previously proposed criterion for the choice of pre-
ferred codes and check symbols is the detection of all
error numbers which occur in parallel additions or trans-
fers and belong to magnitude classes with the low weights
1, 2, and 3 (Ref. 3). This “fixed distance” requirement has
been adapted from data transmission codes.
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It must be noted that the fixed distance criterion does
not take into account the process of error generation and
the design of the arithmetic processor. A more directly
relevant criterion of effectiveness is high probability of
detection of the most likely faults by testing the results
of all algorithms of the given arithmetic processor. This
criterion relates the logic design and the choice of al-
gorithms to the checking requirement and attempts to
maximize the effectiveness of the entire system with
respect to fault detection. Fault correction by replace-
ment or repair is a direct consequence of fault detection,
therefore “error correction” in the sense of transmission
codes is not considered to be necessary. The error mag-
nitudes which are to be detected with the greatest prob-
ability can be established by using the methods developed
in the preceding sections. The percentage of detectable
magnitudes from this class is considered to be the measure
of effectiveness.

A second criterion which is essential in the evaluation
of hardware checking is the cost associated with a given
method. The cost of incorporating a method of hardware
checking into a processor depends on two factors:

1. The compatibility of the checking method with the
algorithms of the processor.

2. The direct cost of the checking method.

A measure of compatibility is the additional time re-
quired by the checked arithmetic processor to execute its
algorithms and the increase in the hardware complexity
when compared to the unchecked arithmetic processor,
including its control circuits.

The direct cost of checking consists of the hardware
and extra time consumed by the checking algorithm and
the increase in storage requirements (redundancy) which
is due to increased length of arithmetical operands and
results.

It is evident that a systematic evaluation of hardware
checking must be based on both effectiveness and cost
considerations. A practical choice will be attained by con-
sidering these criteria for various checking techniques
and by selecting the desired balance between the cost
and the probability of fault detection.
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Ill. EFFECTIVENESS OF A CLASS OF PRODUCT CODES

A. Properties of Product Codes

A product-coded number Z is obtained when a conven-
tional number X is multiplied by an integer « > 1, which
is called the check factor. Given the in-range set of digital
numbers {X} of a digital computer, a product code is
obtained by multiplying every number by the check fac-
tor «. When o is relatively prime to the base r of the
number X and « > r, then any arbitrary change (=C,
with C < r) in the value of one digit (z;) of the number
Z = oX will change its valuc to Z* = «X = Cri. A division
of Z* by « will yield a nonzero remainder, since Cri is not
an integer multiple of «. The nonzero remainder indi-
cates that the change has occurred; consequently, the
product code has error-detecting properties. For base 2
numbers, any odd integer « > 2 will provide the above-
discussed property, i.e., the detection of error numbers of
weight 1. Values of « which provide detection of all error
numbers of weights 2 and 3 and correction of weight 1
errors for a limited range of X have been described
(Ref. 3, 4, 5, and 6), as well as values of « for burst-error
detection and correction (Ref. 7 and 8). The cost of check-
ing and the detection of errors due to repcated-use faults
were not considered in these codes.

The search for values of @ which are characterized by
high compatibility with binary arithmetic and a low-cost
checking algorithm (Ref. 1) led to the choice of product
codes which employ check factors « of the form

(Y:fz”_l

with integer a > 1. The parameter « is called the check
length of the code. The check factor 2¢ — 1 is applied to
encode (k — 1) a-bits-long conventional binary num-
bers X into ke-bits-long product-coded binary numbers
Z = (2" — 1) X. Extension of these codes to other bases
r > 2 is cffected by choosing o« = 1 — 1.

Generally, all odd integers « > 2 are applicable as
check factors in binary product codes. The checking
algorithm for all product codes is a zero test of the re-
mainder after dividing the coded number Z = «X by the
check factor «. A zero remainder indicates that ecither a
valid result has been obtained, or an undetectable error
(to be called a miss) has occurred. Since division is a
complex arithmetic algorithm, the checking algorithms
for odd « > 2 are relatively costly. An exception occurs for
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the check factor 2¢ — 1. The exception is due to the
congruence:

Kri= Kmodulo (r — 1)

The choice r = 2¢ in the above congruence permits the
use of modulo 2* ~ 1 summation of the k bytes (a-bit
segments of value K, with 0=K =2 — 1) which com-
pose the number Z to compute the least positive residue
of Z modulo 2* — 1. In this special case division is re-
placed by a simple “end-around carry” addition algorithm,
which may be executed either sequentially or simultane-
ously for all k bytes. Implementations which do not
require addition have been described for the ¢ = 2 case
(Ref. 9 and 10).

It was already noted that the check factors 2 — 1, with
a > 1, will detect all weight 1 error magnitudes 2/, with
0=j=ka — 1. Furthermore, all damage patterns which
are confined within ¢ — 1 adjacent bits of the error num-
ber (bursts of length a — 1 or less) will be detected, as
well as the “one’s complements” (2 — 1) — C of all de-
tectable error magnitudes C. All weight 2 error magni-
tudes will not be delected; the fraction f of undetected
weight 2 error magnitudes for ¢ > 2 is given by the
expression (Ref. 1):

(k—1a
e
2a (ka — 3) + *

i, f<1:2; for example, given ke =24, a=3
yields f = 0.166; a = 4 yields f = 0.118, and « = 6 yields
f = 0.071. The case of a = 2 is an unfavorable exception,
yielding f = 0.5 for any value of k. The analysis may be
continued for higher weights, due to several independent
elementary faults; however, errors due to repeated usc
of a single faulty circuit are of more immediate intercst,
and will be considered in later sections.

B. Binary Arithmetic for Coded Operands

The entire set of binary arithmetical algorithms is con-
veniently adaptable to the product codes with the check
factor 2¢ — 1 and word length of ka bits (Ref. 1). An
important constraint on the choice of a for binary n-bit
product-coded numbers Z = oX is the requirement that
the code should be complementable with respect to
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A = 2" or A =2" — 1 in order to implement the subtrac-
tion algorithm. Assuming that the uncoded numbers are
complemented with respect to an arbitrary value B, we
have the requirement:

A'—n'X:a(B—X>
or

A:aB

that is, « must be a factor of A. Since « is odd, this imme-
diately excludes A = 2". Consequently, a complementable
product code can be obtained if and only if

2% — 1 =B

is satisfied. All possible choices of a are found in a table
of the factors of 2" — 1 (Ref. 1, pp. 28-29). To employ
other choices of «, a product-and-sum (“An + B”) code
must be used (Ref. 3 and 5). All codes with n = ka and
a =2*— 1 are complementable; the well-known “one’s
complement” algorithms apply directly, including com-
plementation, sign detection, range extension, range con-
traction, left and right arithmetical shifting, and addition.
It must be noted that the next acceptable word length
(after ka bits) is (k + 1) a bits; consequently, range is
extended by prefixing a replicas of the leftmost (“sign”)
bit. Similarly, range can be contracted by dropping a
leftmost bits when @ 4 1 leftmost bits are identical.
Checked variable-field-length addition is made possible
by the range extension algorithm.

Multiplication and division of the coded number Z by
the check factor 2 — 1 are needed in forming coded
products and quotients. The (2¢ — 1) Z algorithm requires
one parallel modulo 2" — 1 addition: Z is extended by
a bits, shifted a positions left and added to its own ex-
tended complement Z to form:

The inverse operation, ie., the (2 —1)Z,(2° —1) al-
gorithm generates the result e bits at a time, employing
an a-bit parallel adder to implement the solution

Z=02Z+Z) +2Z

where the bar designates “one’s complement” and the
addition is modulo 2" — 1, n being the length of operand
(2* — 1) Z. A double-length coded product (2 — 1) XY of

the coded operands (2 — 1) X and (2* — 1) Y is obtained
by forming the ordinary binary product (2* — 1)? XY and
then dividing by 2¢ — 1. Given the dividend (2* — 1) X
and divisor (2 — 1) Y, the quotient (2* — 1) Q is obtained
by forming (2¢* — 1)* X and then executing the ordinary
binary division which yields the coded quotient (2* — 1) Q
and remainder (2* — 1) R satisfying

(20~ 12X =(2—1)Q@2 - 1Y+ (2 —1)°R

Rounding off by truncation will not yield a product-
coded number; the algorithm must be modified. To
round off the rightmost ca bits of the coded operand
(2 —1) X we add the constant (2* —1) G, such that
in (2¢ — 1) (X + G) the rightmost ca bits are identical to
the leftmost (“sign”) bit and may be dropped. The
(2* — 1) X/(2* — 1) algorithm is employed to obtain ca
rightmost bits of X. The value of G is then selected to
implement either up-rounding or down-rounding.

In summary, it is noted that product codes with the
check factor 2* — 1 display an exceptional adaptability
to binary arithmetic and a low-cost checking algorithm,
if the length of operands is chosen to be a multiple ka of
the check length a. Variable-field-length arithmetic of
coded operands is made possible by the range extension
and contraction algorithms.

C. Fault Location by the Preferred Codes

The checking algorithm is implemented as the modulo
2¢ — 1 summation (with an “end-around carry” around
a bits) of a bits long groups of the coded operand Z,
executed simultaneously, or serially by group, or serially
by bit. The check value is the least positive residue (mod-
ulo 2¢ — 1) of Z, represented by the check result, which is
an a bits long binary number F(fo-1, © * * ,fu, © 5 f0)
of value

a-1
F=73 f,2" fn=0,1
h-o

When the “all zero” coded number Z with z; =0
(0=i=<ka—1) is excluded from valid operands, all
coded operands will yield the check value F = 2?— 1,
represented by f, =1 in all @ positions (0 =h=a — 1)
of F. Any other check value indicates an error magnitude
which is not a multiple of 2* — 1. The check results due
to various error values which are of special interest may
now be investigated. The notation (2* — 1)|Z will be em-
ployed to designate the check value, i.e., the least positive

11
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residue modulo (2° — 1) of the value Z. It is explicitly
noted that the value F = 2° — 1 is allowed instead of the
residue value 0 (zero).

Although fault detection is sufficient for an algorithmic
arithmetic unit, correction of errors due to elementary
faults may be desirable for operands transferred from
memory or from inputs. Fault location also may be em-
ployed in the diagnosis and subsequent repair of the
faulty circuit.

To attain complete location of an elementary fault, or
to effect correction of weight 1 error magnitudes and their
“one’s complements” it is necessary to locate the position
i and to determine the sign of 2/ for the error value pairs
{+2i, — (2 — 1) + 2i} and {—2/, (2" — 1) — 2!} which
are caused by a one-use elementary fault during a trans-
fer, complementation, shift or parallel addition. The
modulo 2 — 1 residues of these error values are therefore
of interest.

The error value E = +2i corresponds to a binary error
number E containing a single nonzero digit ¢; = 1. Stat-
ing E as a base 2" number, we have

2i — 2i —-ja (211)]‘
with
0=i-ja=a—1
and

0=j=k—1

when E is ka bits long (0 =i ="ka— 1). The check result
F obtained from E will contain a single "1 digit f, =1
in the positionh = i — ja,since 2/ =2 " modulo (2 — 1),
and (2¢ — 1)|2 = 2i- 1. Consequently, the check value
for any invalid operand Z* of value Z + 27, where Z is any
valid operand, will be obtained as follows:

(@~ Dz +27) = (@ — D]z = 20

The error value E == - (2% - 1) 4 27 yiclds an invalid
operand of value Z" = Z + 27 - (2% - 1), since the error

caused an erroncous “end-around carry” in an addition;
that is, Z-=(2* — 1), but (Z +2") > (2 --1). Sincc
okt — 1 = Z 4 Z, where Z is the “one’s complement” of
Z, we have:

Z'=2+2 - (Z+Z)=2 -7
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with 2 > Z. Again, the check value F is the modulo
2¢ — 1 residue of Z*:

F=@-1|@-2)=@-D[iE-D2
-@-D|Z1=2

We note that the error values + 2/ and — (2" — 1) + 2!
both will yield the check result F containing a single
“one” digit f, =1 in the position h =i — ja, all other
a — 1 bits being “zeros.”

Given the error value —2, the check value F will be
computed from the invalid operand value Z* =Z — 2!
as follows:

F=@-1[Z-2)=@-1)-2"

where i, j, and the word length ka are as defined earlier.
The check result F generated by the checking algorithm
will contain only one “zero” digit f, = 0 (h =i — ja); all
a — 1 other digits will be “ones.”

When the error value —2¢ inhibits a required “end-
around carry,” the resulting invalid operand Z* has the
value:

Zo=7Z+ (2 —1)—2

The check value is again F = (2 — 1) — 2", as it was for
the error value —2'. It is observed that errors in the “end-
around carry,” which may occur in the modulo 2 —1
adder, do not affect the recognition of the position
I =i — ja or of the sign of the crror values =27,

The preceding results demonstrate that the error values
which were considered cause check results which indi-
cate the sign and the group position h = i — ja, with
0=h=a-—1, and 0==i-=ka — 1. The group index i,
with 0= j=<k - 1 remains unknown; there are k accept-
able choices of j. For complete location of the elementary
fault (or for error correction) the group index must be
determined. It is noted that the concept of the group
position is very uscful in the analvsis of repeated-use
fault symptoms.

D. Application of Several Check Factors

A product-coded number may be turther encoded by
using a second check factor. If two check factors of the
21 — 1 class have relatively prime check lengths a, and a.,
then the pair of group positions (hy, h.) will uniquely
identify one position in a group ‘of a,a. bits. Furthermore,
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the undetectable error magnitudes of weight 2 are now
only those which are integer multiples of 2" — 1. With
respect to fault location and weight 2 error detection the
total effect of the two check factors 2# — 1 and 2% — 1 is
the same as that of a single check factor 24 — 1. The
checking algorithm is executed separately for each check
factor, either simultaneously or serially. The effective
check length a,a, has been obtained by using only a, + a,
bits for redundancy of encoding.

The preceding argument extends directly to any set of
m check factors 2% — 1, if the check lengths a; are pair-
wise relatively prime. The combined elementary fault
locating effect of m check factors is equivalent to that of
the check factor 27 — 1, which requires only s bits for
encoding, where

m
p= Ila
i=1

and
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s= > da;

i=1

The choice of p = n will provide complete location of
i (0=i=n—1) and sign determination for the error
values +2 and =+ (2" — 1 — 2!) which were considered
in the preceding section. All weight 2 error magnitudes
will be detected, as well as their “one’s complements,”
caused by errors in the end-around carry. All bursts of
length s — 1 or less will also be detected.

For example, the check lengths @, = 3, a. = 4, a. =35
will give p = 60 and s = 12; this means that 48-bit num-
bers will gain 12 redundant bits in encoding, while allow-
ing the location of a one-use elementary fault in the 60-bit
coded operand. One checking algorithm is sufficient to
indicate the presence and the sign of the error value; the
results of the remaining two will pinpoint its location by
means of the three group positions (h,, h., h.).

E. Detection of Repeated-Use Determinate Faults

A defective component (resistor, transistor, etc.), or
external interference may cause the deviation of a logic
variable (formed or held by a logic circuit) from its speci-
fied value; this deviation is called a fault. The values of
logic variables correspond directly to the values of binary
digits in a digital computer employing the conventional
base 2 number system; consequently, a binary number
system presents the most direct relationship between a
fault and the resulting change in the value of a result. An

elementary fault causes a one-unit error in one digital
position either of an operand or of a result in an elemen-
tary algorithm (one-bit transfer, complementation, shift-
ing, addition). The effects of more damaging faults may
be expressed as the composite effect of a set of elementary
faults. An elementary fault is the most probable fault in
the processor when suitable precautions are observed in
logical design.

In parallel transfer, shifting and bit-wise complemen-
tation of an n-bit number, an elementary fault generates
an error magnitude 2/, which has the weight 1. In
modulo A parallel addition (or subtraction), the error
magnitude is either 2/ or A — 2/. In multiplication and
division, the parallel adder and associated circuits are
used repeatedly, and an elementary fault will contribute an
error number during some or all uses of the faulty circuit.
The repeated-use faults are also encountered in transfers,
shifts, and additions in a variable-field-length (byte-
organized) arithmetic processor.

In the case of a repeated-use fault, the specific nature
and the duration of the fault require further considera-
tion. A determinate fault causes the logic variable to
assume a constant value; it is either “stuck on 0” or “stuck
on 1.” An indeterminate fault occurs when the logic value
becomes uncertain and is interpreted randomly as either
“1” or “0” during the repeated uses of the faulty circuit.
A fault is transient if it is not present during one or more
uses of the circuit during a given algorithm; otherwise, it
is permanent. During any one use of the faulty circuit, the
fault-induced value may correspond with the specified
value of the logic variable; the fault is ineffective during
this use. Consequently, error numbers due to transient
faults are a subset of those due to permanent faults.

A permanent determinate fault (used ¢ times) will be
manifested by one of 2 possible ways of contributing to
the error magnitude; the possible error magnitudes are
determined by the algorithm being performed. A damage
pattern of immediate interest is the regular pattern in
which ¢ binary positions: i = h, h + b, h + 2b, etc., are
affected. It contributes either ¢; = 0 or ¢; = =2 (42 for
“stuck on 1,” —2¢ for “stuck on 0”) in the corresponding
position of the error number. This pattern occurs in a
byte-organized (variable-field-length) computer during
transfer, complementation, and addition; it will be also
observed in parallel multiplication and division which
employs only b-bit shifts. The “one’s complements” of
error numbers will occur in algorithms employing the
adder. The value b is called the byte length, and the
value @ is called the check length when the check factor

13
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2% — 1 is employed. The length of coded numbers is
n = kyb bits, or k; bytes. The product code also requires
that n = k,a should be satisfied, therefore the relationship
n = kyb = k,a, with integers k, =1, k, = 1, must be main-
tained between a and b.

The preceding consideration of the fault location prop-
erties (Section III-C) may be employed to derive expres-
sions for the effectiveness of elementary fault detection
for various choices of the pair (a, b). A miss (undetectable
error magnitude) will occur whenever the error values
contributed by the damaged bytes of the coded number
will cause a check result consisting of a “ones” to be gen-
erated. In the case of an elementary determinate fault,
given any pair (a, b) of the check and byte lengths, the
first miss occurs when the word length reaches the value

n, = .0 (29 — 1)

where c,a = ¢yb is the least common multiple of ¢ and b.
Consequently, the choice ¢, =1, ¢,=1 will yield the
maximum values for n,. The minimum value of n, is
obtained when ¢ and b are relatively prime; in this case
n, = ab.

The choice of b = a makes the byte count equal to the
count of check lengths in a word: k, = k, = k; it also
gives a very favorable safe length. In the case b = q, all
2% — 1 possible error magnitudes and their “one’s com-
plements” will be detected for word lengths up to
n = a(2* — 2) bits, or k = 2* — 2 bytes of a bits each. One
miss occurs for k= 29— 1 bytes; with greater word
lengths the count of misses ¢ for k > 2* — 1 is given by
the expression

q
&= E Ej
where g is the integer part of k/(2* — 1), and

k!
(2= DI [k —j 2 — D]

£j —

for 1=j=gq. The expressions for the miss count ¢ are
derived by considering all possible ways in which a check
result value 2¢ — 1 consisting of all “ones” can be gen-
erated by modulo 2¢ — 1 summation of k contributions of
either 0 or 2! with 0=h=<qa — 1.

The effectiveness of any choice of the pair {(a, b) can be
expressed in terms of the percentage of misses among all
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possible 2¥ — 1 nonzero error magnitudes which can be
caused by an elementary determinate fault. Given a miss
count ¢, the miss percentage is obtained as

100:
2 — 1

where n = bk, is the word length of the coded operands.
The miss percentages for various word lengths were ob-
tained using a computer program which tabulated all
misses for word lengths up to k, = 18 bytes, check lengths
2=a=12 and byte lengths 2=>b =< 10 and b = 12. The
maximum word length of 18 bytes results in a total of
2% — 1 = 262143 possible nonzero error magnitudes. In
a few special cases (b =2, =4,8;b=3,¢ = 3,6; b =4,
a=4,8,b=5a=>5;b=86,a=23,6) the maximum word
length was extended to 20 bytes, i.e., 22° — 1 = 1048575
possible nonzero error magnitudes. The miss percentages
were also tabulated for the various check factors @ which
detect all weight 2 or all weight 2 and 3 error magnitudes
(Ref. 3). The word lengths used were n, with the require-
ment that «B = 2" — 1 should be satisfied.

The results of the tabulation show that for a and b
relatively prime, the percentage of misses rapidly becomes
100,(2* — 1) after the first miss which occurs at word
length n, = ab (the minimal case). For other pairs (a, b),
the miss percentages beyond the word length n, tend to
overshoot 100,/(2* — 1) and then go below100/(27 -- 1)
with increasing word length, The weight 2 and weight
2, 3 detecting choices of « display miss percentages which
are comparable to those of relatively prime (a, b).

The complete results obtained in the tabulation of miss
percentages are presented in the Appendix. Although
elaborate combinatorial expressions can be derived for
miss counts of any pair (a,b), the computer tabulation
was preferred as being more convenient. Complete agree-
ment between the analytic expressions and the computer
tabulation was observed for miss percentages in the case
b = qa. All tabulated values of n, were also in agreement
with the analytic result.

F. Detection of Repeated-Use Indeterminate Faults

A permanent indeterminate fault (used ¢ times) will
contribute to the error magnitude in onc of 3¢ possible
ways. During each use the contribution will be 0, 2F,
or —2¢, In the regular pattern with b =a, k =k, =k,
and word length ka, the number of misses ¢ due to the
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indeterminate fault (excluding the determinate subset)
is given by the expression

E’:EES'

3

where ¢ is the integer part of k/2, and

, k!
2 (k- 2 G

for 1 =j=t. The total count of possible nonzero error mag-
nitudes is (3* — 1)/2. The miss percentage 200¢/(3* — 1)
is highest for k = 2 and gradually decreases with increas-
ing k. It is noted that for k> 2 — 1 the determinate
subset contributes the miss count ¢, and the total number
of misses is ¢ + ¢’; furthermore, the value of ¢ is inde-
pendent of a. Table 1 lists the miss percentages (excluding
the determinate subset) for byte counts 2 =< k= 12.

Given any pair (a, b), the first miss due to an indeter-
minate fault (excluding the determinate subset) occurs

Table 1. Miss percentages

when the word length exceeds the least common multiple
of a and b, that is, the first miss occurs for

ny, > c.a

where c,a = ¢;b is the least common multiple. Conse-
quently, the maximum safe length n is attained for a
and b relatively prime, with n} > ab. In this case the first
miss is due to the determinate subset and occurs for
n, = ab. For other choices of the pair (a, b), nj < n, is
observed.

The total miss percentages

200 (¢ + ¢)
Fr—1

are of interest in the cases bs=a as well. An exhaustive
tabulation by means of a computer program was per-
formed for word lengths up to k, = 12 bytes; that is,
(3'* — 1),2 = 265, 720 nonzero error magnitudes were
considered. The check lengths were again 2 =qa =12,
and the byte lengths were 2==b =10 and b = 12. It was
observed that for relatively prime pairs (a,b) the miss
percentages were close to 100 (2* — 1), becoming greater

prYm— for pairs with common divisors, and reaching the maximal

k s ¢ Miss, % values of Table 1 for b = a and b = ¢,a. Complete results
of the tabulation are presented in the Appendix.
2 4 1 25.00 b pp
3 13 3 23.08 ‘ _ )
4 40 9 22.50 It is noted that the most favorable choices of pairs
5 121 25 20.66 (a,b) in the determinate case are the least desirable
6 34 70 19.23 choices for indeterminate faults, and vice versa. The
17. . .

7 1093 196 7.93 choice of the most suitable values therefore depends on
8 3280 553 16.86 | lative I s of 1]  faults. M
° 9841 1569 15.04 the relative trequencies of these two types of taults. More
1 29524 4476 15.16 elaborate damage patterns (for instance, patterns due to
1 88573 12826 14.48 multiple formation in multiplication and division) will be
12 265720 36894 13.88 considered in further work.

1. Avizienis, A., A Set of Algorithms for a Diagnosable Arithmetic Unit, Technical
Report No. 32-546, Jet Propuision Laboratory, Pasadena, California, March 1,

1964.

2. Avizienis, A., "'Signed-Digit Number Representations for Fast Parallel Arithmetic,"
IRE Transactions, EC-10 (1961), pp. 389—-400.
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I. Determinate Faults, Check Factors 2*-1.

Table A-1. Byte length B =2
8= 2 A= 2 B= 2 A= 3
B ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
N = KB *"FHTAL INCREMENT COUNT PERCENT COUNT PERCENT __COUNT PERCENT  _ COUNT PERCENT
2z 1 1 0 .00 0 .00 0 00 0 .00
4 3 2 0 .00 [ <00 0 .00 4 .00
6 7 4 1 14.29 1 25.00 1 14.29 1 25.00
8 15 [ 4 26467 3 37.50 2 13.33 1 12.50
10 31 16 10 32.26 6 37.50 4 12.90 2 12.50
t2 63 32 o .21 33.33 11 34,38 9 14.29 5  15.63
I 127 6% 42 33,07 217 32,81 18 l4.17 9 14.06
16 255 128 86  32.94 42 32,81 36 14.12 18 14.06
18 511 256 169 33.07 85 33,20 73 14.29 37 14.45
20 1023 512 340 33.24 171 33.40 146 14,27 73 14.26
22 2047 1024 682 33,32 342 33.40 292 14,26 146 14.26
24 4095 2048 1365  33.33 683 33.35 585 14,29 293 14.31
26 8131 4096 2730 33.33 1365 33,33 1170 14.28 585  14.28
28 16383 8192 5460  33.33 2730 33.33 2340 14.28 1170 14.28
30 32761 16384 10921  33.33 5461  33.33 4681  14.29 2341 14,29
32 65535 32768 21844  33.33 10923 33.33 9362 14.29 4681  14.29
34 131071 69536 43690  33.33 21846  33.33 18724 14.29 9362 14.29
36 262143 131072 87381 _ 33,33 43691 33,33 37449 14.29 18725  14.29
3% 524287 262144 i
40 1048575 524288
- e TTomTmem e 8 = 5 IR 8 = 2 A = &
N - kp ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TUTAL 'TNCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
2 1 1 [ .00 0 .00 0 .00 0 .00
o 3 2 [} .00 0 .00 0 .00 0 .00
6 7 _ 4 0 .00 o .00 [ .00 0 .00
8 i 8 [} .00 o .00 o .00 0 .00
10 31 16 1 3.23 1 6.25 0 .00 0 .00
12 63 32 2 3.17 1 3.13 0 .00 [ .00
14 127 64 4 3.15 2 3.13 [ .00 0 .00
16 255 128 8 314 4 3.13 0 .00 [ .00
_ 18 5t .. 256 16 3.13 8 3.13 1 .20 1 .33
20 1023 512 33 3.23 17 3.32 4 .39 3 .59
22 2047 102% 66 3.22 33 3.22 16 .78 12 1.17
24 4095 2048 132 3.22 66 3,22 a4 1.56 48 2.34
26 8191 4096 264 3.22 132 3.22 160 1.95 96 2.34
28 16383 8192 528 3.22 264 3.22 400 2.44 240 2.93
30 32767 16384 _ 1057 3.23 _ 529 3.23 1000 3.05 600 3.66
32 65535 32768 2114 3.23 1057 3.23 2000 3.05 1000 3.05
34 131071 65536 4228 3.23 2114 3.23 4000 3.05 2000 3.05
36 262143 131072 8456 3.23 4228 3.23 8001 3.05 4001 3.05
EN 5264287 262144
40 1048575 524288
B=x 2 A= 8 B= 2 A= 9
ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
N = KB [OTAL_INCREMENT _ COUNT PERCENT  COUNT PERCENT COUNT PERCENT COUNT PERCENT
2 I | 1 0 .Go 0 .00 0 .00 0 .00
4 3 2 o .00 0 .00 [ .00 [ .00
6 7 4 0 .00 0 .00 o .00 0 <00
8 15 8 0 .00 Q .00 [ .00 0 .00
10 31 16 0 .co 0 .00 [ .00 0 .00
12 3 32 0 <00 0 .00 0 .00 0 .00
B T 127 64 0 .00 0 «00 0 .00 0 .00
16 255 128 0 .00 0 .00 o .00 [ .00
18 511 2%6 0 .00 0 .00 1 .20 1 .39
20 1023 512 0 .00 0 .00 2 .20 1 .20
22 2047 1024 0 .00 0 .00 4 .20 2 .20
_24 4095 _ 2048 1 .02 1 .05 8 .20 4 .20
8191 4096 4 .05 3 .07 16 .20 8 .20
16383 8192 16 .10 12 .15 32 .20 16 .20
32767 16384 64 .20 48 .29 64 .20 32 .20
65535 32768 256 .39 192 .59 128 .20 64 .20
131071 65536 640 .49 384 .59 256 .20 128 .20
262143 131072 960 .73 s13 .20 257 .20
524297 262144 2400 .92
40 1048575 524288 6000 1.14
T ) - N 8 = 2 aA=11 B = 2 A= 12
N = kp ERROR MAGNITUDES  MISs TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL [NCREMENT CUUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
2 1 1 0 .00 0 .00 [ .00 0 «00
4 3 2 0 .00 o <00 0 .00 0 .00
: & 4 4 0 .00 o .00 [} .00 0 .00
1 15 8 3} .00 [ .00 0 .00 0 .00
o 3t 16 o .00 0 .00 0 .00 0 .00
12 63 32 o .00 [ .00 0 .00 0 .00
16 121 64 0 .00 0 .00 0 .00 [ .00
te 255 128 o .ao 0 .00 [} .00 0 .00
is 51t 256 0 .00 0 .00 0 .00 0 .00
20 1023 512 0 .00 Q <00 0 «00 ] - 00
22 2047 1024 1 .05 1 «10 0 «00 0 .00
24 4095 2048 2 .05 L .05 0 .00 o <00
26 8191 4096 4 .05 2 .05 0 .00 0 .00
28 16383 Bl142 8 «0% 4 «05 0 <00 0 00
W 321617 16344 16 05 8 .05 0 «00 ] .00
32 65535 32768 32 <05 16 .05 o] «00 0 .00
34 131071 65536 64 .05 32 .05 0 .0c o .00
36 262143 131072 128 .05 64 .05 1 -00 1 .00
38 524287 262144

40 1048575 5242R8

MISS

__COUNT

MISS
COUNT

DEN-OOOOO0O

MISS
COUNT

POIr~0O00O000CO0COCO000

O

B =
TOTAL
PERCENT

+00
«00
<00
00
<00
1.59
3.15
6,27
7.83
9.78
9.7
9.79
8.81
8.03
T.18

6.67

6.37

6.37

6.45

6.67

B =
TOTAL
PERCENT

.00
- 00
00
.00
«00
«00
79
.78
.78
.78
.78
.78
.78
.79
-79
«19
79
.79

B =
TOTAL
PERCENT

- 00
00
- 00
- 00
«00
-00
<00
«00
«00
«00
.00
.00
<00
-00
«00
01
.01
02

2 A= 4

MISS INCREMENT
COUNT PERCENT_

2 A=

- 00
<00
«00
00
- 00
3.13
4.69
9.38
9.38
11.72
9.77

MISS INCREMENT
COUNT PERCENT

2 aAa=1l0

PEN~~DOOCOOO

.00
.00
.00
.00
.00
.00

1.56
.78
.78
.78
.78
.78
.78
.79
o79
.79
.19
.79

MISS INCREMENT
COUNT PERCENT

Do

BPNW~DOOO0DO00O000DO00C

«00
- 00
.00
«00
«00
00
.00
.00
«00
«00
«00
«00
«00
- 00
-0}
.01
.02
«04




N = KB ERROR MAGNITUDES ;g5
TOTAL INCREMENT
1 1

3

6 3
9 7
12 15
15 31
18 63
21 121
24 255
27 511
30 1023
33 2047
36 4095
39 8170
42 16383
45 32767
48 65535
51 131071
54 262143
57 524287

60 1C48575

512
1024
2044
4090
8192
16384
32768
65536
131072
262144
524288

COUNT

N = KB ERROR MAGNITUDES g

3

6 3

9 T
12 15
15 31
18 63
21 127
24 255
27 511
30 1023
33 2047
36 4095
39 8191
42 16383
45 32767
48 65535
51 13,071
54 262143
57 524287

60 1048575

TOTAL INCREMENT
1 1

512
1024
2048
4096
8192

16384
32768
65536
131072
262144
524288

N = KB ERROR MAGNITUDES MISS

3

6 3

9 7
12 15
15 31
18 63
21 127
24 255
27 511
30 1023
33 2047
36 4095
39 8191
42 16383
45 32767
48 65535
51 131071
54 262143

57 524287
60 1043575

TOTAL INCREMENT
1 1

512
1024
2048
4096
8192

16384
32768
65536
131072
262144
524288

CQUNT

L - E-X-R-X-N-¥-}

N = kp ERROR MAGNITUDES ;¢
TOTAL {NCREMENT
1 1

3

] 3
9 7
12 15
15 31
18 63
21 127
24 255
27 511
30 1023
33 2047
36 4095
39 4191
42 16383
45 32767
48 65535
51 131071
54 262143
57 524287

60 1048575

512
1024
2048
4096
8192
16384
32768
65536
131072
262144
524288

COUNT

BEAN—OOOO0OQO000

B =
TOTAL
PERCENT

.00

33,33

28.57

33.33

32.26

33.33

33.07

33,33

33.27

33.33

33.32

33.33

33.33

33.33

33.33

33.33

33.33

33.33

B =
TOTAL
PERCENT

«00
.00
- 00
.00
3.23
3.17
3.15
3.14
3.13
3.23
3.22
3.22
3.22
3.22
3.23
3.23
3.23
3,23

TOTAL
PERCENT
00
.00
<00
.00
.00
.00
+00
-39
-39
+39
.39
+39
-39
.39
<39
+39
+39
«39

TOTAL

PERCENT
.00
.00
00
.00
.00
«.00
.00
.00
.00
.00
.05
.05
.05
.05
.05
.05
.05

NCREMENT
PERCENT
.00
.00
-00
.00
.00
.00
1.56
S.47
10.94
16,41
20.51
22.56
22.56
20.96
18.41
15.59
13,07
11.26
10.35
10.35

NCREMENT
PERCENT
.00
.00
00
.00
.00
<00
.00
.00
00
.00
<00
.00
.00
.01
204
.17
34
o7
1.15
1.92

#1SS INCREMENT

PERCENT
«00
.00
+00
-00
.00
«00
.00
-00
<00
.00
«00
-00
.00
<00
.00
-00
.00
.00

M1ISS INCREMENT

Table A-2. Byte length B =3
3 A= 2 B= 3 A= 3
MISS INCREMENT MISS TOTAL MISS 1
COUNT PERCENT COUNT PERCENT COUNT
0 .00 o .00 0
1 50.00 o .00 V]
1 25.00 0 .00 [}
3 37.50 [s] .00 o
5 31.25 V] .00 o
11 34,38 [} +00 0
21 32.81 1 .79 1
43 33.59 8 3.14 7
85 33.20 36 7.05 28
171 33.40 120 11.73 84
341 33.30 33¢ 16.12 210
683 33.35 792 19.34 462
1365 33.33 1716 20.95 924
2731 33.34 3433 20.95 1717
5461 33.33 6450 19.68 3017
10923 33.33 11560 17.64 5110
21845 33.33 20128 15.36 8568
43691 33.33 34884 13.31 14756
62C16 11.83 21132
116280 11.09 54264
3 A= 5 B= 3 A= 6
MISS INCREMENT MISS TOTAL MISS 1
COUNT PERCENT COUNT PERCENT COUNT
0 00 0 <00 V]
(1] 00 )] <00 V]
0 00 0 <00 ]
0 «CO o <00 0
1 6.25 o} .00 V]
1 3.13 o .00 o
2 3.13 ] .00 o
4 3.13 ° .00 o
8 3.13 4] .00 ]
17 3.32 ] .00 o]
33 3.22 0 .00 [v]
66 3,22 0 .00 o
132 3.22 5] .00 o
264 3.22 1 .01 1
529 3.23 B .02 7
1057 3.23 64 «10 56
2114 3.23 288 .22 224
4228 3.23 1296 49 1008
4320 82 3024
14400 1.37 10080
8= 3 A= 8 8= 3 A= 9
MISS INCREMENT MISS TOTAL
COUNT PERCENT COUNT PERCENT COUNT
o] <00 0 «00 0
o .00 0 .00 0
0 .00 0 .00 o
[ <00 0 «00 4]
0 =00 1] <00 ]
0 <00 0 .00 0
[ 00 0 «00 0
1 -78 0 .00 0
1 «39 o .00 1]
2 »39 0 «00 0
4 «39 o +00 0
8 39 o .00 0
16 =39 [} <00 ]
32 <39 0 .00 0
64 <39 0 .00 [¢]
129 <39 Q «00 o
257 +39 L] .00 0
514 «39 o +00 0
1 B = 3 A= 12
MISS INCREMENT MISS TOTAL
COUNT PERCENT COUNT PERCENT COUNT
[o] «00 o .00
[ +00 0 .00
o .00 0 .00
0 - 00 o .00
[} .00 [} .00
Q .00 o -00
0 .00 o .00
[ +0C 0 .00
"] <00 0 .00
[ «00 0 .00
1 .10 0 .00
1 «05 4] .00
2 .05 o] .00
4 .05 0 .00
8 05 0 «00
16 0% o] .00
32 «05 o .00
64 #05 0 .00

.05

T E-R-T-R-R-F-N-R-F-N-¥-F-F-N-}

PERCENT
.00
.00
.00
+00
+00
<00
.00
.00
«00
00
.00
<00
+00
<00
.00
-00
+00
00

MISS
COUNT

MISS
COUNT

DEN-OOOOOO

MISS
COUNT

DEANmOOOO0O00000

B =

TOTAL

PERCENT
<00
.00
.00
6.67
6.45
6.35
6.30
6.67
6,65
6.65
6.64
6.67
6.67
6.67
6.67
6.67
6.67
6.67

g =

TOTAL

PERCENT
.00
«00
<00
.00
.00
00
<79
.78
.78
.78
.78
.78
.78
<79
<79
.79
<79
.79

8=
TOTAL
PERCENT
<00
-00
+00
.00
+00
.00
.00
.00
.00
.10
=10
«10
-10
.10
.10
.10
.10
.10

3 A= 4

MISS INCREMENT
COUNT PERCENT

3 A=

«00
.00
00
12.50
6.25
6.25
6.25
7.03
6.64
6.64
6.64
6.69
6.67
6.67
6,67
6.67
6.67
6.67

MISS INCREMENT
COUNT PERCENTY

PPN ROOOOBO0

3 A= 10

-00
00
«00
.00
.00
<00
1.56
.78
.78
.78
.78
.78
«78
.79
.79
.79
- 79
.79

MISS INCREMENT
COUNT PERCENT

Q

PPN OOODO0000

-00
«00
00
«00
«00
-00
-00
-00
«00
.20
.10
.10
.10
.10
-10
.10
.10
»10
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Table A-3. Byte length B = 4

8= 4§ A= 2 B = & A=x 3 B = & A= &
N = Kp ERROR MAGNITUDES  Miss TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
. L 1 [ .00 [ .00 [ <00 [ .00 [ .00 0 .00
8 3 2 [ .00 [ .00 0 .00 0 .00 [ .00 o .00
12 7 “ 1 14.29 1 25.00 1 14.29 1 25.00 0 .00 [ .00
16 15 8 . 26,67 3 37.50 2 13.33 1 12.50 0 .00 0 .00
20 3t 16 10 32.26 6 37.50 4  12.90 2 12.50 0 .00 [ .00
24 63 32 21 3333 11 34.38 9 14.29 5 15.63 0 .00 [ .00
28 127 64 42 33.07 21 32.81 18 14.17 9 14,06 0 .00 0 .00
32 255 128 84 32,94 42 32.81 36 14.12 18 14.06 0 .00 [ .00
36 511 256 169 33.07 85 33,20 3 14.29 37 14.45 0 .00 0 .00
%0 1023 512 340 33.24 171 33.40 146 164.27 73 1l4.26 0 .00 0 .00
“ 2047 1024 682  33.32 342 33.40 292 14.26 146 14,26 o .00 0 .00
48 4095 2048 1365  33.33 683 33,35 585  14.29 293 14.31 0 .00 0 .00
52 8191 4096 2730  33.33 1365 33,33 1170 14.28 585 14,28 o .00 0 .00
56 16383 8192 5660  33.33 2730 33.33 2340 14.28 1170 14.28 o .00 0 .00
60 32767 16384 10921  33.33 5461 33,33 4681 14.29 2341 14.29 1 .00 1 .01
64 65535 32768 21844 33,33 10923  33.33 9362  14.29 4681 14.29 16 .02 15 .05
68 131071 65536 43690 33,33 21846 33,33 18724 14.29 9362  14.29 136 .10 120 .18
72 262143 131072 87381  33.33 43691 33.33 37449  14.29 18725  14.29 816 .31 680 .52
1% 5242687 262144 3876 T4 3060 1.17
80 1048575 524288 15504 1.48 11628 2.22
B=s 4 A= 5 B= 4 A= 6 8= -
N = kB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL - INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
4 1 1 [ .00 [ .00 0 .00 [ .00 [} .00 ° .00
8 3 2 0 .00 [ .00 0 .00 0 .00 0 .00 0 .00
12 7 4 [ .00 0 .00 0 .00 [ +00 0 .00 o .00
16 15 8 0 .00 o .00 0 .00 0 .00 0 .00 o .00
20 31 e 1 3.23 1 6.25 0 .00 0 .00 0 .00 ¢ .00
24 63 32 2 3.17 1 3.13 0 .00 0 .00 0 .00 0 .00
28 127 64 4 3.15 2 3.13 0 .00 0 .00 1 .19 1 1.56
32 255 128 8 314 4 3.13 0 .00 0 .00 2 .78 1 .78
36 511 256 16 3.13 8 3.13 1 .20 1 .39 4 .18 2 .78
40 1023 512 33 3.23 17 3.32 4 .39 3 .59 8 .78 “ .78
44 2047 1024 66 3.22 33 3.22 16 .18 12 1.17 16 .78 8 .78
48 4095 2048 132 3.22 66 3.22 64 1.56 48 2.34 32 .78 16 .78
52 8191 4090 264 322 132 3.22 160 1.95 96 2.34 64 .78 32 .78
56 16383 8192 528 3.22 264 3.22 400 2.44 240 2.93 129 .79 65 .79
60 32767 16384 1057 3.23 529 3.23 1000 3.05 600 3.66 258 .79 129 .79
64 65538 32768 2114 3.23 1057 3.23 2¢00 3.05 1000 3.05 s16 .79 258 .79
68 131071 65536 4228 3.23 2114 3.23 4000 3.05 2000 1.05 1032 .79 516 .79
12 262143 131072 8456 3.23 4228 3.23 8001 3.05 4001 3.05 2064 .19 1032 .79
16 524287 262144
80 1048575 524288
B= 4 a= 8 B= 4 A= 9 B= 4 A=10
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
4 1 y 0 .00 [ .00 [ .00 [ .00 0 .00 0 .00
8 3 2 [ .00 0 .00 0 .00 0 .00 0 .00 0 .00
12 7 4 0 .00 0 .00 0 .00 I .00 0 .00 [ .00
16 15 [} o .00 [ .00 0 .00 [ .00 o .00 0 .00
20 31 16 0 .00 0 .00 0 .00 I .00 o .00 0 .00
24 63 32 [ .00 o .00 [ .00 o .00 o .00 [ .00
28 127 64 0 .00 o .00 [ .00 0 .00 0 .00 o .00
32 255 128 [ .00 0 .00 0 .00 0 .00 0 .o c .00
36 511 256 [ .00 0 .00 1 .20 1 .39 0 .00 0 .00
40 1023 512 0 .00 o .00 2 .20 1 .20 0 .00 0 .00
44 2047 1024 o .00 0 .00 4 .20 2 .20 0 .00 0 .00
48 4095 2048 0 .00 [ .00 8 .20 4 .20 0 .00 [ -00
52 8191 4096 [ .00 0 .00 16 .20 8 .20 9 .00 0 .00
56 16383 8192 o .00 [ .00 32 .20 16 .20 n .00 o -00
60 32767 16384 o .00 0 .00 64 .20 32 .20 1 .ou 1 .01
64 65535 12168 0 .00 0 .00 128 .20 64 .20 . .01 3 .01
68 131071 65536 0 .00 [ .00 256 .20 128 .20 16 .01 12 .02
72 262143 131072 0 .00 0 .00 513 .20 257 .20 64 .02 48 <04
76 524287 262144 0 .00 c .00
80 1048575 524288 0 .00 0 .00
B= &4 A=11 Bx 4 A=x)2
N = kg ERROR MAGNITUDES  yjgc yoTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
. 1 1 n .00 [ . [ no 0 .00
L 3 2 0 .00 0 .00 [ .00 o .00
1> 1 “ o .00 [ .00 0 .00 0 .00
16 1> 8 0 .00 0 .00 0 .00 0 .00
20 3 16 0 .00 0 .00 ] .00 ° .00
24 63 32 0 .00 [ .00 0 .00 0 .00
28 127 ‘4 0 .00 H] .00 L] .o0n 0 <00
3¢ 255 128 0 .00 [ .00 [ .00 ° .00
36 s11 256 [} .00 [} =20 o .00 [} -00
40 1023 512 0 .00 v .v0 0 .00 ° .00
4 nav 1024 1 -0% 1 10 L] .00 0 .00
48 095 2048 2 .05 1 .05 0 .uu 0 Joo
57 alal #0ox Py Pt 2 ns 0 .00 o .00
56 16383 8192 8 .05 4 s 0 oy 0 .00
60 32767 16184 16 .08 8 .05 0 .00 0 .00
64 65535 32168 32 .05 16 .05 [ .00 0 .00
AR 131071 83536 e .05 a2 .05 0 -00 0 .00
72 262143 131072 128 .05 64 “us 0 .00 0 .00

s 524207 262144
8o 1048575 S24c88

20
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Table A-4. Byte length B =25

B= 5 A= 2 — Lo B= 5 A= 3 B = =
N = KB ERROR MAGNITUDES  y;g5 1gyvaAL MISS INCREMENT WISS TOTAL MISS INCREMENT WiSS TOTAL MISS INCREMENT
TTOTAL INCREMENT COUNT PERCENT _ _ COUNT_PERCENT COUNT PERCENY _ _ COUNT PERCENT _ _ COUNT PERCENT __ COUNT PERCENT
] 1 1 .00 ) .00 [} .00 [ «00 (] .00 [ B | 2
10 3 2 1 33.33 1 50.00 0 .0 0 <00 0 .00 0
15 7 4 2 28.57 1 25.00 1 14.29 1 25.00 0 .00 [
20 15 8 5 33,33 3 37,50 2 13.33 1 12.50 1 6.67 1
25 31 16 10 32.26 5 31.25 4 12.90 2 12.50 2 6.48 1
30 63 32 21 33.33 11 34,38 _ 9 14.29 5 __15.63 4 6,35 2
35 127 64 42 33,07 21" 32,81 187 14.17 9 7 14,06 8 " T6.30 T4
40 255 128 85  33.33 43 33.59 6 14.12 18 14.06 17 6.67 9
45 s11 256 170 33.27 85  33.20 73 14.29 37 14.45 36 6.65 17
50 1023 512 341 33.33 171 33.40 146 14.27 _ C T3 14.26 68  6.65 34
55 2047 1024 682 33,32 341 33.30 292 14.26 146 14.26 136 6.64 68
60 4095 2048 1365 33.33 683 _33.35 585 14.29 _____ 293 14.31 273 6.67__ 137
65 8191 4096 2730 33.33 1365 ~ 33.33 1170 14.28 585 14.26 546 6.67 273
70 16383 8192 s461 33,33 2731 33.34 2340  14.28 1170 14.28 1092 6.67 546
75 32767 16384 10922 33.33 5461  33.33 4681  14.29 2341  14.29 2186 6.67 1092
a0 65535 32768 21845 33,33 10923 33.33 9362  14.29 4681  14.29 4369  6.67 2185
85 131071 65536 43690  33.33 21845  33.33 18726  14.29 9362  14.29 8738 6.67 4369
90 262143 131072 87381  33.33 43691 33,33 37449 14.29 18725 __ 14.29 17476 6.67 8738
95 524287 262144
100 1048575 524288
82 5 A= 5 B= 5 A= Bs 5 Aw 7
N = KB ERROR MAGNITUDES ;g5 toTaAL MISS INCREMENT MISS TOTAL MISS INCREMENT NISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
5 1 1 [ .00 [} .00 [ .00 ] .00 [] .00 [} .00
16 3 2 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00
15 7 4 0 .00 0 __.00 _ 0. .00 _ ¢ .00 0 00 0_ .00 __
20 15 8 0 .00 [ .00 [ .00 0 .00 ° .00 o .00
25 31 16 o .00 0 00 0 .00 0 .00 [ .00 0 .00
30 63 32 0 .00 0 .00 1 1.59 1 3.13 [ -00 0 .00
35 127 64 0 .00 0 .00 2 1.57 1 1.56 1 .79 1 1.56
40 255 128 0 .00 0 .00 4 1.57 2 1.56 2 .78 1 .78
45 511 256 0 .00 o .00 B 1.5T7 _ 4 1.56 . .78 2. .18
50 1023 512 0 .00 [ <00 16 1.56 8 1.56 8 .78 4 .78
55 2047 1024 0 .00 0 .00 32 1.56 16 1.56 16 .78 [ .78
60 4095 2048 ° .00 0 .00 65 1.59 33 1.61 32 .78 16
65 8191 4096 [ .00 0 .00 130 1.59 65 1.59 64 .78 32
70 16383 8192 0 .00 o .00 260 1.59 130 1.59 129 .79 65
s 32767 16384 0 .00 ° .00 . 520 1.59. . . 260 1.59 258 .19 129 }
80 65535 32768 0 .00 0 .00 1040 1.59 520 1.59 516 .79 258
as 131071 65536 0 .00 0 .00 2080 1.59 1040 1.59 1032 .79 516
90 262143 131072 0 .00 o <00 4161 1.59 2081 1.59 2064 .79 1032
95 524287 262144 0 .00 Q .00
100 1048575 524288 o .00 0 <00
B= 5 A= 8 B= 5 A= 9 B= 5 A=10
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTVAL MISS INCREMENY MISS TUTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT ___ COUNT PERCENT __ COUNT PERCENT COUNT PERCENT __ COUNT PERGENT
s 1 1 [ .00 o .00 [} .00 [ .00 [ «00 o <00
10 3 2 o .00 o <00 0 .00 .0 .00 0 .00 0 <00
15 7 4 0 .00 0 .00 0 .00 [ +00 0 .00 0 .00
20 1s 8 ° »00 o .00 0 .00 .0 .00 o +00 0 <00
25 31 16 0 .00 0 .00 o +00 0 «00 0 .00 0 +00
30 63 32 .0 .00 0 <00 ) #00_ 04,00 0 .00 __ 0 oo
35 127 64 0 .00 [ .00 [ .00 0 .00 0 .00 0
40 255 128 1 <39 1. .78 0 _ .00 0 <00 .0 .00 .0
45 511 256 2 .39 1 .39 1 1 .39 0 +00 [
S0 1023 512 . .39 2 39 2 1 20 0 .00 0
55 2047 1024 8 <39 . . 2 «20 o .00 [
60 4095 2048 16_ .39 . .8 [ 4 +20, 9. .00 _o
65 8191 4096 32 .39 16 16 8 .20 [] .00 o .00
70 16383 8192 64 .39 32 .32 20 o .00 [ .00
75 32767 16384 128 .39 64 64 .20 o +00 0 «00
80 65535 32768 251 39 129 128 0. . .20 ] .00 0 .00
85 131071 65536 S14 .39 257 256 128 .20 0 .00 0 -00
30 262143 131072 1028 _ .39 Sis 513 237 .20 O +00 [ .00
95 524287 262144
100 1048575 524288 . L e
B 5 A=l 8= 5 A=12
N = KB ERROR MAGNITUDES  uyss voTAL CMISS INCREMENT _ MISS TOTAL _ MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
s 1 1 [ «00 __ ___0___ .00 _ 0 _ .00 0 .00
10 3 2 c .00 o .00 [ .00 0 .00
15 7 4 J: S 9 0 200 0 00 0,00
20 15 8 [ +00 ) +00 0 «00 0 <00
25 31 16 [ .00 ¢ .08 0 +00 0 _...00
3¢ 63 32 0 .00 o .00 0 .00 0 .00
s 127 64 o .00 .0 +00 0__ .00 Q. . +00
40 255 128 0 .00 [ .00 [ .00 0 <00
45 511 256 ... 0__ .90 0 .00 ) +00 0 200 .
50 1023 512 0 .00 [] +00 [) <00 ] <00
55 2047 1024 1 205 1 «10 9 «00 0 00
60 4095 2048 2 .05 1 <05 1 .02 1 «05
65 a191 4096 4 .05 L2 952,02 1 02
70 16383 8192 8 .05 “ .05 . .02 2 .02
5 32767 16384 16 b, 05 8 .05 8 .02 4 02
80 65535 32768 32 .05 i6 +05 16 .02 [] .02
85 131071 65536 64 05 32 205 32 W02 16 «02.
90 262143 131072 128 .05 64 .05 64 .02 32 .02
95 524287 262144 . , o
100 1048575 524288

21
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~N = KB ERROR MAGNITUDES
TOTAL INCREMENT
i

Table A-5. Byte length B =6

MISS TOTAL
COUNT PERCENT
.00
.00
.00
.00
.00
-00
.79
3.14
36 T7.05

®~00000Q0

8 =

MISS TOTAL
COUNT PERCENT
[} .00
) =00
1 14.29
4 26.67
10 32.26
21 33.33
42 33.07
84 32.94
169 33,07
340 33.24
682 33.32

1365 33.33
2730 33,33

6 1
12 3 2
18 7 4
24 15 8
30 31 16
36 63 32
42 127 b4
48 255 128
54 511 256
60 1023 512
66 2047 1024
12 4095 2048
18 8191 4096
84 16383 8192
90 32767 16384
9 65535 32768
102 i31071 65536
108 262143 131072
114 524287 262144
120 1048575 524288

N = kB ERROR MAGNITUDES
TOTAL INCREMENT
1 1

6
12 3 2
18 T 4
24 15 ]
3o 31 16
36 63 32
42 127 64
48 255 128
54 511 256
60 1023 512
66 2047 1024
12 4095 2048
78 8191 4096
a4 16383 8192
90 32767 16384
96 65535 32768
102 131071 65536
108 262143 131072
114 524281 262144
120 1048575 524288

N - KB ERROR MAGNITUDES
TOTAL INCREMENT
1 1

L]
12 3 2
18 7 4
24 15 8
30 31 16
36 63 32
42 127 b4
48 255 128
54 511 256
60 1023 512
66 2047 1024
72 4095 2048
78 4191 409¢
84 16383 8192
20 32767 16344
96 655135 32768
tu2 131071 65516
108 262143 131072
114 5242817 262144
120 1044575 524288

N = kB ERROR MAGNITUDES

TOTAL INCREMENT
1 1

6
12 3 2
18 7 4
24 15 8
30 31 16
36 63 32
42 127 b4
48 255 128
Sk 511 256
60 1023 512
66 2047 1024
72 4095 2048
18 4191 4096
-2 16383 8192
3a 32161 16384
96 65535 32768
102 131071 65536
108 262143 131072
114 524287 262144
120 1048575 5242088

6 A= 2

MISS INCREMENY
COUNT PERCENT
0 «00

0 -00

1 25.00

3 37.50

[ 37.50

11 34.38

21 32.81

42 32.81

85 33.20
171 33.40
342 33.40

683 33.35
1365 33,33

120
330
192
1716
3433
6450
11560
20128
34884
62016
116280

MISS
COUNT

Y -X-F-X-E-R-R-F-R-R-F. N-R-F-F-R-¥-¥-3

MISS
COUNT

C00O0OBO0OOOOOD0OOO0

MISS
COUNT

11.73
16.12
19.34
20.95
20.95
19.68
17.64
15,36
13.31
11.83
11.09

8= 6

TOTAL
PERCENT
.00
.0C
.00
<00
-C0
.0c
«C0
-00
.00
<00
.00
.00
<00
.00
<00
.00
<00
.00
+00
.00

8 =

TOTAL

PERCENT
-00
.00
00
.00
.00
.00
<00
.00
«00
.00
.00
.00
-00
.00
.00
.00
.00
.00

B =
TOTAL
PERCENT

+00

5460 33.33
10921 33.33
21844 33.33
43690 33.33
87381 33.33

B =

MISS TOTAL

COUNT PERCENT
] <00

a <00

0 «00

0 -00

1 3.23

2 3.17

4 3.15

] 3.14
16 3.13
33 3.23
66 3.22
132 3.22
264 3.22
528 3.22

1057 3.23

2114 3,23

4228 3.23

8456 3.23

B =

MISS TOTAL

COUNT PERCENT

0 -00

0 .00

0 00

0 .00

o .00

0 .00

0 .00

0 .00

0 <00

o .00

0 +00

1 .02

4 .05

16 .10

64 .20

256 -39

640 <49

1600 .61
B =

MISS TOTAL

COUNT PERCENT
] .00
Q .00
[} «00
[¢] <00
0 .00
[+] .00
[ .00
0 <00
0 .00
0 <00
1 <05
2 -0%5
4 <05
8 =05

16 - 0%
32 .05
64 .05
128 05

2730 33,33

5461 33.33

10923 33.33

21846 33.33

43691 33.33
6 A= 5

MISS INCREMENT

COUNT PERCENT

0 «00

[\ «00

Q «00

0 .00

i 6.25

1 3.13

2 3.13

4 3.13

8 3.13

17 3.32

33 3.22

66 3.22

132 3.22

264 3.22

529 3.23

1057 3.23

2114 3.23

4228 3.23
6 A= 8

MISS INCREMENT

COUNT PERCENT

4] .00

o .00

0 «C0

a 00

[o] .00

0 .00

o] »00

0 .00

[ -00

4] «00

0 <00

1 05

3 «07

12 .15

48 »29

192 +59

384 «59

960 73
6 A =1l

MISS INCREMENT

COUNT PERCENT

[ =00

0 «0C

0 .00

0 .00

o] .00

0 .00

[} =00

o +00

c «00

[ .00

1 .10

1 .05

2 05

4 .05

8 05

16 05

32 <05

b4 «05

.00
.00
.00
.00
.00
<00
.00
<00
.00
.00
.00
<00
.00
.00
.00
.00
.00

COOOCOOOOCOROODOCOO

6

6

A= 3
MISS INCREMENT
COUNT PERCENT
0 .00
0 .00
0 .00
[] .00
0 .00
[o] 00
1 1.56
7 5.47
28 10.94
84 16.41
210 20.51
462 22.56

924 22.56
177 20.96
3017 18,41
5110 15.59
8568 13,07

14756 11.26

27132 10.35

54264 10.35
A= 6

MISS INCREMENT

COUNT PERCENT
.00
00
.00
.00
.00
.00
00
.00
.00
.00
+00
.00
.00
.00
.00
-00
.00
.00
«00
.00

LYY R T-R-R-N N N N-F- NN - ¥-Y-F-F-F-¥.}

A= 9
MISS INCREMENT
COUNT PERCENT
.00
.00
00
.00
.00
<00
.00
+0C
00
.00
.00
<00
.00
.00
.00
<00
.00
.00

CONOOOO0ODOCOOOOODOO

A= 12
M{SS INCREMENT
COUNT PERCENT

B =
MISS TOTAL
COUNT PERCENT
0 -00
0 .00
L] .00
o .00
0 -00
1 1.59
4 3.15
16 6.27
40 7.83
100 9.78
200 9.77
401 9.79
122 8.81
1316 8.03
2352 T7.18
4368 6.67
8352 6.37
1670% 6,37
B =
MISS TOTAL
COUNT PERCENT
[} .00
° .00
o .00
[ .00
0o .00
[ -00
1 79
2 .78
4 .78
8 .78
16 .78
32 .78
13 .78
129 <79
258 79
516 -79
1032 .79
2064 .79
B =
MISS TOTAL
COUNT PERCENT
0 .00
4] .00
[} -00
0 .00
0 .00
Qo .00
[} -00
[ -00
[ .00
a .00
[} .00
o] .00
o] .00
[} .00
1 -00
4 .01
16 <01
64 02

[

.00

.00
.00
<00
.00
<00
.00
.00
.00
.00
.00
.00
.00
00
+00
<00
.00
00

- E-E-X-X-T-R-F-N-X-¥-]

A= &
MISS INCREMENT

COUNT PERCENT
0 .00
¢ +00
[ .00
0 .00
[ .00
1 3.13
3 4.69

12 9.38
24 9.38
60 11.72
1co 9.77
201 9.81
321 7.84
594 7.25

1036 6.32
2016 6.15
3984 6.08
8353 6.37

6 A= 7
MISS INCREMENT

COUNT PERCENT
[ «00

0 +00

[} «00

[ .00

0 «00

0 .00

1 1.56

1 .78

2 .78

4 .78

8 -78

16 .78
32 .78
65 .79
129 <79
258 19
516 <179
1032 =79

6 A= 1C

MISS INCREMENT

COUNT PERCENT
.00
-00
.00
-00
.00
-00
.00
+00
.00
-00
-00
«00
.00
-00
«01
«01
<02
<04

P Y R N X-T-N-N-N-F-¥-¥-3

>



Table A-6. Byte length B =7
- _B=_17.8=_2 . . . .. . 8=_17 AKN=_3 ... . ___ ... __ B= 1 A= 4&
N = kB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT “ISS TOTAL MISS INCREMENT
" TOTAL INCREMENY ___COUNT PERCENT _ COUNT PERCENT __ CQUNT _PE
5 ] s .00
e QL e00
1 14.29
S 2 13.33
4 12.9¢
9__14.29
18 14.17
C36 14,12 __ 18 1406 17 . . .6.67 9 .. T.02_
73 14.29 37 14.45 34 6.65 17 6.64
146, 14,21 .. 73 - 6B . 6.B5 _ 34 668
292 14.26 146 14.26 136 6.64 68 6.64
__ 585 14,29 293 14.31 273 6,67 137 6.68
1170 14.28 535  14.28 546 6.67 273 6.61
2340 | 14.28 1170 14.28 1092 . 6.67 _ 546 _ 6.67
4681 14.29 2341 14.29 2184 6.67 1092 6.67
9362 164.29 4681 14.29  _ 4369 . 6.67 2185  _6.61
18726 14.29 9362 14.29 8738 6.67 4369 6.67
- 72 47381 33,33 -37849 14429 ._ 18125  14.29 17476 _6abl.____BI38 AT
8= 7 A= 5 B= 7 A= 6 B= 7 A= 7
N = KB EFRROR MAGNITUDES  yy55 1o7AL MISS INCREMENT MISS TOTAL KISS INCREMENT MISS TOTAL __ MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
T 1 1 [ <00 c .00 0 .00 _ 0 00 0. .00
14 3 2 0 .00 0 .06 0 .00 0 .00 0 .00
- 21 1 4 a Qe 0. k00 [} [o]s] [s] Q0 f a0
28 15 A ) .00 o .00 ° ) 0 .00 [ .00
35, . .31 16 1 3.23 0 .00 G .00 _ 0 .00 . 0_____.00
42 63 32 2 317 1 1.59 1 3.13 0 .00 0 .00
49 127 64 4 3,15 2 1.7 1 l.56 .0 .00 0 <00
56 255 128 8 3.14 4 1.57 2 1.56 0 .00 0 .00
e B3 511 256 . _ __ 16 _3.13_ LB _1.51 4 1aSb. .0 __ .60 . 0 __.00_
70 1023 512 33 3.23 16 1.56 8 1.56 o .00 [ .00
77 2047, 1024 66 3.22 32 1.56 16 1.56 0 .00 0 .00
84 4c95 2048 132 3.22 65  1.59 33 1.61 o .00 0 .00
91 8191 4096 264 3.22 136 1.59 65 . 1.59 0 .00 0 .00
98 16383 8192 528 3.22 260 1.59 130 1.59 0 .00 0 .00
105 32767 16386 1057 3.23 .. 529 3.23 3 ——1.59 260 1.59 Q 00 o 00
112 65535 32768 2114 3.23 1687 3.23 1040 1.59 520 1.59 0 .00 [} .00
119 131371 65536 4228 3.23 2116 3,23 2080 1.59 1060 . 1.59 o .00 0 .00
126 262143 131072 8456  3.23 4228 3.23 4161 1.59 2081 1.59 ° .00 0 .00
- - — _ ..B= 1 A= a . ) 8% .7 A= 9 ... _. ... ____ B 7T A=1l0____ . _
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL WISS INCREMENT MISS TOTAL NISS INCREMENT
—___INTAI INCREMENT.  COUNT PERCENT . COUNT PERCENT _
7 1 1 0 00 5 .0 © .00 ] <00 0 .00 [} .00
A& 32 .. o .09 I8 LG C .. .00 O 0L 0 .00 . _ 0. .00 .
21 7 4 0 0 ¢ .ce 0 .co 0 .00
2B 15 _ ..__ .4 o .C0 1 .00 0. .00 0 . ...00 _ -
35 31 16 0 .20 N .00 0 .00 0 .00
A2 rx 32 Q «J0 _. L —.a00 0 060 o ag
49 127 64 5 ) 3 .00 o .00 0 .00
.56 _._.255 128 1 -39 1 .18 0 .o L. 0 . _a0D
63 511 256 2 .39 1 .39 1 .20 1 .39
C.._20.. _.1023_ .. &12 _ 4 239 2 39 2 2200 . 1._.. .20
77 2047 1024 8 39 4 .39 4 .20 2 .20
B4 4095 2048 __._ __ 16 . .39 S B .39 8B .20 4 20
91 8191 4094 32 .39 16 «39 16 .20 8 «20
98 16383 . 8192 64 .59 32 .39 32 .20 16 _a2C .
105 32767 16384 128 L1 64 .39 54 .20 32 .20
112 65515 32768 251 .39 129 .39 128 .20 64 20 __ 64
119 131071 655 3¢ 514 .39 257 239 256 .20 128 .20
124 262143 131072 _ 3024 .. _ .39 _._. Bl4 . .39 513 20 251, 0
B= 7 A=11 B= 7 Ac=l12
N = KB ERROR MAGNITUDES MISS TGTAL MISS INCREMENT. . MISS TOTAL MISS INCREMENT
TCTAL INCREMENT CCUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
7 1 1 ] “00 0 . .00 .- O .0 . o_. .00
14 3 2 0 o .oc 0 .00 o .00
21 1 4 D G 00 Q 00 o 00
28 15 3 0 o .00 o .00 o .00
35 o3l 16 0 0. . .00 S0 ...00 ¢ . .00
42 53 32 0 o .00 o .00 0 <00
49 o121, 64 0 0. . ...00 0. .00 0 .00.
s6 255 128 o 0 .00 ° .00 0 .00
A3 511 256 D 0 o0 o 00 ki e]e]
76 1023 512 0 o .00 [ .00 [} .00
77 2047... . 1024 1 S 1 . ..10 0. 00 - S0, .00
84 4095 2048 2 1 .05 1 .02 1 .05
91 .. _.B191___ 4096 4 2 .05 -2 .02 1 .02
98 16383 8192 8 4 .05 4 .02 2 .02
105 327167 16384 14 A ol 8 02 ry nz
112 65535 32768 32 16 .05 16 .02 8 .02
119 131071, . 65536 . 84 3z .05 32 _.02 . 1& 02
126 131072 128 64 .c5 84 .02 32 .02

262143
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Table A-7. Byte length B =8

— _ 8%.8 As 2 _ 8= 8 ax 3 _B= B Am_& .
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
_ COUNT PERCENT _PERCENT
8 1 1 [ .00 [ .00 0 .00 0 .00 0 .00 [
16 a 2 R ST S 00 _ 0 00 o 00 0 ... .00 ____ 0 ..
24 7 4 1 14.29 1 25.00 1 14.29 1 25.00 0 .00 0
B . .. 4. 26.67..__ . _3 __37.50 2 _13.33 1 12.50 ._ ..  O_ .. .00 ____ .0
a0 3 16 10 32.26 6  37.50 4 12.90 2 12.50 0 .00 [}
A8 63 32 n 21 33,33 11 34.38 9 14.29 5 15.63 Q 00 n
56 127 64 42 33.07 21 32.81 18 14.17 9 14.06 [ .00 0
B 255._._ . 128 ...._. 84 32,94 . __ . 42 _32.81 36 _14.12 . 1A _ 1406 _ . D_.... .00 _ 0.
72 511 256 169 33.07 85  33.20 73 14.29 37T 14.45 0 .00 o
. BO_ . 1023._._ _.512 ... 340 . A3.24_.____ 171 .. 33.40.. 146 14.27 731426 . _..0Q ..00 e
88 2047 1024 682 33,32 342 33.40 292 14.26 146 14,26 0 .00 o
96 4095 2048 1365 33,33 _ 683 i3, Q
104 8191 4096 2730 33.33 1365  33.33 1170 14.28 585  14.28 [} .00 [ .00
112 . 16383 . 8192 . . 5480. ..33,33. _ 2730 _ 33.33 __. 2340 16.28 _ ___ 1170 14.28 .. 0 _ . .00 . 0. ....00
120 32767 16384 10921  33.33 5461 33,33 4681 14,29 2341 14,29 1 .00 1 .01
128 65535 12768 21844 33.33 10923 33.33 9362 _ 14.29 4681 1429 ____ _16 .02 15 .05
136 131071 65536 43690  33.33 21846 33,33 18726 14.29 9362 14.29 136 .10 120 .18
—_lh4 262143 1310622 A7381 . 33,33 43691 33,33 27449 ___14.29 18728 16.29 816 a1 .. 8BO__ .82
8 = A= 5 8= 8 A= 6 8= 8 A= 1
N = KB ERROR MAGNITUDES  yj55 TpTAL MISS INCREMENT. ... MISS TOTAL  _  _MISS INCREMENT . MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
8 [ 1 [ .00 0 200 - .. ..0....a00 .. _.___D. _ .. [} .00 [ .00
16 3 2 0 .00 0 .00 0 0 .00 o .00 0 .00
24 k] 'S 0 00, P Y on 0 a0 _ il o0 a0 W00 .00
32 15 8 [ .00 0 .00 0 .00 0 .00 o .00 [ .00
40 .. 3 . 16 1 3.23 1. 6a25 .0 _.00 . ._ .0 . .00 __ O .00 Q. .00
48 63 32 2 .17 17 3.13 0 .00 [ .00 0 .00 0 .00
56 . 121 64 . 4 . 3.15 2. 3.13 0 .._a00 .. .0_ .00 __ ___ 1. .19 1 .a56
64 255 128 8 3.14 4 313 [ .00 0 .00 2 .78 1 .78
12 511 256 18 3,13 B 3,13 ___ 1 ——.a20 1 39 4 18 2 18
80 1023 512 33 3.23 17 3.32 4 .39 3 .59 8 .78 . .78
(8B._.. 2041 1024 66 3.22 33 3,22 16 W18 12 111 . 1& .18 8 .78
96 4095 2048 132 3.22 86 3.22 64 1.56 48 2.34 22 .78 16 .78
104 . B8I91. . _ 4096 266 3.22 132 3.22 _ 180 1.95 L9A _ 2.3&._ .. 64 .78 32 .10
112 16383 8192 528 3.22 264 3,22 400 2.44 240  2.93 129 .79 65 .13
120 32767 16386 . . 1087 _ 3,23 529 3.21 1000 1.08 00 36K 258 9. 129 . .19
128 65535 32768 2114 3.23 1057 3.23 2000 3.05 1000 3.05 516 .19 258 .79
136 131071 65536 4228 3.23 2114 .3.23 4C00 3.05 . . 2000 3.05 1032 .79 516 .19
144 262143 131072 8456  3.23 4228 3.23 8co1 3.05 4001  3.05 2064 .79 1032 .19
- - _ ..B=_.8 A=_8 _ __ __ . __ . __. . B=_8 A= 9_. __ . ___ B =_ A A=10 .. e
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT NISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
———— JOTAL INCREMENT  COQUNT PERCENT ~ COUNT PERCENT .. COUNT PERCENT  COUNT PERCENT ~~ COUNT PERCENT  COUNY PERCENT
[ 1 1 [ .00 ] .00 0 .00 o .00 [} .00 [} .00
a3 o Q. ..w00 . 0 .00 Q. . .00 . .. .0_. 400 ____ @ L00 Q. .00
24 7 4 0 .00 [ o .00 0 .00 0 .00 0 .00
32 A5 .8 O . ..00 . ___.__0_ 0. ....«Q0 .. __Q____.00 0 <00 0. .00
%0 31 16 o .00 0 [ .00 0 .00 0 .00 [ .00
48 63 22 0 .00 Q 0 00 0 00 Q 00 0 200
56 127 64 0 .00 0 0 .00 [ .00 0 .00 0 «00
Y S 255 128 L0 .00 . __. .0 0 .00 _.. Q.. .00 0 .00 Q. .00
72 511 256 0 .09 0 1 .20 3 .39 0 .00 [ +00
.80 1023 _. 812 0 T I 1. .20 0 Q0. .0 .00
88 2047 1024 0 .00 0 4 .20 2 .20 [ .00 [ .00
96 4095 2048 0,00 0 8 .20 4 .20 0 00 Q .00
104 8191 4096 [ .00 0 16 .20 8 .20 0 .00 [ .00
112 16383 8192 [ .00 0. 32 20 16 .20 0 .00 0 .00
120 32767 16384 0 .00 0 64 .20 32 .20 1 .00 1 .01
128 65535 32768 0 .00 0 128 .20 . 64_ . .20 4 .01 3 .01
136 131071 65536 0 .00 0 256 .20 128 .20 16 .01 12 .02
— 144 262143 131072, .. 1] 00 0 513 20 257 20 hé n2 48 a4
B= 8 A=11 B~ 8 A=12
N = KB ERROR MAGNITUDES g5 voTaAL MISS INCREMENT MISS TOTAL _MISS INCREMENT
TOTAL INCREMENT CUUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
8 1 1 0 .0 [ .00 Q. _ .00 . 0 .00
16 3 2 0 .€0 ¢ .C0 © .00 b .00
24 1 4. 0 .00 . i} Qo Q. 00 [} 00,
32 15 8 0 .00 [ .00 0 .0 o .00
4y 31 16 0 .00 1 .00 o .00 Q .00
48 63 32 0 .00 0 .00 0 .00 0 .00
56 121 64 0 .00 0 ..0C 0 .00 o .00
64 255 128 0 .00 o co 0 .00 0 <00
o B2 S1L - 286, o 0 w00 Q. a00 ... 0. . .00 ... 0_ .00
80 1.23 512 o .00 0 .00 o .00 0 .00
88 2047 1024 1 .05 1 .10 . 0 .00 0 .00
96 4095 2048 2 .05 1 .05 o .00 0 .00
104 4191 4096 . .05 2 .05 o .a0 0 .0C
112 16383 8192 8 .05 4 .05 0 .00 0 .00
120, 3276716384 . 16..__ _a05. . B . 08 O a00 . O . 00
128 65535 32768 32 .05 16 .05 [ .00 0 .00
136 131071 65536 64 .05 32. .5 o .00 0 .00
144 262143 131072 128 .05 64 .05 0 .00 ° .00
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Table A-8. Byte length B =9
- S B = 9 A=z 2 B = 9 A= ———m - - —-B = _9 Aw & _
N = KB ERROR MAGNITUDES " "yiss TOTAL MISS INCREMENT MISS TOTAL ¥IS5 INCREMENT NISS TOTAL MISS INCREMENT
v (N PER N PER N PER 0 P N QUN PER N QUN P N

S 1 1 0 .00 0 .ce )
18 a 2 133,33 150,00 Q 00
27 7 4 2 28.57 1 25.00 0 .00 <00
_ 36 _ 15 & o..5_ 33,33 3 37.50 0 cQ .
45 31 16 10 32.26 5  31.25 0 .00 6025
S4 A3 A2 21 33,33 11 34,38 0 00 £.25
63 127 64 42 33,07 21 32.81 1 .79 1 1.56 8 6.30 4 6.25
.12 255 128 . _B85 _ 33,33 43 33,59 8 3,14 .1 . 5.41___.__ AT . ba6T . .9 7.03 .
81 511 256 170 33.27 85  33.20 36 7.05 28 10.94 34 6.65 17 6,64
90 ... 1023 512 341 __33.33 171 ___33.40 .-120 _ 11.73 B4 __ 16.4l 6B  _ _6u65 __ -
99 2047 1024 682 33,32 341 33.30 330 16,12 210 20.51 136 6.64 68 6.64
108 4995 2048 1365 33,33 683 33,35 792 _ 19.34 462 22.5& 273 6467
117 8191 4096 2730 33,33 1365  33.33 1716  2C.95 924  22.56 546 6.67 2713 6.67
126 (16383 . __ 8192 ..5461 _ 33,33 . . 2731 _.33.34 ___ 3433 20.95_ 1717 .. 20.96 (1092.. 6061 ... ... 544 667
135 32767 16384 10922  33.33 5461  33.33 6450 19.68 3017 18.41 2184 6.67 1092 6.67
144 65535 ___3276B ___ _33.33 _ 11560 . 1764 5110 . 15.59. .. . 4369 6,67 2185 6a67
153 131071 65536 43690  33.33 20128 15.36 8568 13,07 8738 6.67 4369 6.67
162 2602143 131072 82381 33,33 43691 33,33 3488, 13.31 14756 11.26 17476 bahT ar3a WY
B= 9 A= 5 8= 9 A= & B= 9 A= 7
N = kB_ERROR MAGNITUDES MISS TOTAL . . MISS.INCREMENT. MISS TOTAL _ ._MISS INCREMENT MISS.TQTAL._. _. MISS INCREMENT
TOTAL INCREMENT' COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
.9 1 1 .0 .00 DL 00 C_. .00 . Q. ...Q0 0 .00 e 00
18 3 2 0 .00 [ .ce 0 .00 0 .00 c .00 0 .00
27 rd 4. o] a0 Q Q0. Q 00, 0 00 0 3141 [+]
36 15 8 0 .60 o .00 0 .00 0 <00 [ .00 0 «00
45 __..__31 [V 1. 3.23 1....6a25 LOooe00. . Q0 - =00 0 .00 . Q.00 _
54 63 32 2 3.17 1 3.13 0 .00 [ <00 0 .00 0 .00
63 1217 64 _ _4 3415 _ 2. . 3.13_ 0. ..a00 __ . © _a00 1 .79 1 1.56
72 255 128 8 3.14 4 3.13 o .00 o .00 2 .78 1 .78
a1 511 256 16 3,113 8 .13 ] -a00 0O 00 K I8 Ji A
90 1023 512 33 3.23 17 332 3 .00 0 .00 8 .78 4 .78
_ .99 2047 . .. 1024 56 322 ... 33 3.22 _ 0 .00 0 ~00 16 .78 8 .78
108 4095 2048 132 3.22 66 3.22 0 .00 0 .00 32 .78 16 .78
111 8191 4096 264 3.22 132 . 3.22 .o [ - 0__....00 64 .78 .32 <18
126 16383 8192 528 3,22 264 3.22 1 .01 1 .01 129 .79 65 o79
135 3278617 16384 1057 3,23 529, .23 H ne 1 —als 258 .79 .
144 65535 32768 2114 3.23 1057 3.23 64 .10 56 .17 516 .79 258 .79
153 131071 65536 4228 3.23 2114 3.23 .. 288 . __.22 . . 224 <34 1032 19 516 .29
162 262143 131072 8456 3.23 4228 3,23 1296 49 1008 .77 2064 .79 1032 .79
R B=_9 A= 8 . B*_9 AF 9. .. ... .. Bx. 9 AxIO _ .
N = KB ERROR MAGNITUDES MISS VOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS IMCREMENT
CENT_____COUNT PERCENY
9 1 1 o .00 0 .00 [ .00 0 .00 [ .00 0 .00
18 3 2 o 00 Q 00 . __.00 0 .00 G .00 —a00
27 7 5 [ .00 o .00 0 .00 o <00 0 .00 [} «00
—36 . __ 5.8 Q- .00 . @ 00 . .0 W00 .0 .00 0 _..a00. .0 .00
45 31 16 0 .00 [ .00 0 .00 [ .00 0 .00 0 .00
54 &3 32 0o 00 o oc ol 00 0 00 0 an 0 00
63 127 64 0 .00 0 .00 0 .00 © .00 0 .00 0 +00
——¥2.— . 286 128 .. 1. .._.39 1 .. I8, 0 00 0. . aB0 . e 0 a0 — 00.
81 511 256 2 .39 1 .39 0 .00 0 .00 0 .00 0 -00
S¢. 1023 512 4 .. _ .39 . . _2. ...39 0 ... .00 fORNESERDY 1 | EEN DY | R —— R —
99 2047 1024 8 .39 4 .39 0 .00 0 .00 2 .10 1 «10
168 4098 2048 16 39 8 39 a [+11] Q 20 & 10 2 10
117 8191 4096 32 .39 16 .39 0 .00 [ .00 8 .10 4 «10
~126. .. 16383 . 8192 64— 439 ... ._32.....a39 . .0 . _ .00 ._.__..0__ Q0. ___16 .10 - B —
135 32167 16384 128 .39 64 .39 o .00 [ .00 32 .10 16 .10
_.l44 . _ 65535 .._ e 281 39 129 . .39 .. 0. 00 . . 0. . 4Q0.___. 64 _ ._.10 32 _ .
153 131071 65536 514 .39 257 .39 0 .00 0 .00 128 .10 64 .10
1562 262143 131072 1028 39 S814 39 0 Do Q o 254 10 128 10
N B= 9 A =11 B= 9 A=12
N = KB_ERROR MAGNITUDES MISS TOTAL ... MISS I T_. ..__MISS YOTAL MISS INCREMENT ___
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
1 beeie i O 000 0 o 000 O .00 L0 el e00
18 3 2 [ .00 0 +0C 0 .00 [ .00
—23 1 4 Q0 00 o 0e 0 00 Q Q0
36 15 8 0 .00 [ .00 0 .00 0 .00
45 . 31 16 Do w00 0. aDG . 0. _ ..00 0 ... .00
S4 63 32 [ .00 0 .0¢ [+ .00 0 .00
—$3 . 127 .6k _ . OH____.a00 .. . QG _._..DC.. .. 0 __.00 0. .00 .
72 255 128 0 .00 ) .0C [ .00 0 .00
81 511 256 I} £0 0. 00 . O 00 Q Qo
90 1023 512 0 .00 0 .00 0 .00 0 <00
99 2047 1024 ... ... 1 05 1. .10 Q.. .00 . .0 —
108 4095 2048 2 .05 1 .05 [ .00 0 .00
HT . 8] 4 _ .05 2. .05 .0 00 0 a0
126 16383 8192 8 .05 4 <05 0 .00 [ .00
138 A2161 14384 16 05 B 05 0 [414] i 00
144 65535 32768 32 .05 16 «05 [ <00 [ .00
153 3131071 65536 J- SN 1 1. S—— ¥4 a5 Q ,a00 0. 00
162 262143 131072 128 .08 64 .C5 0 0 .00
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Table A-9. Byte length B =10
— - BAl0_A=.2 _ . _ .. ___ B=1C_A= .- _. B= 10 A= &
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL PISS INCREMENT MISS TOTAL MISS INCREMENT
1 ENT_ 3 — . _COUNT PERCENT_ . _COUNT PERCENI._ . _COUNT PERCENT
1¢ 1 1 0 « 00 [4 .CO [ -GG o .00 0 .00 0 -00
20 A 2 .0 __.00. .0 .00 0. «0C o 00 Q .00 .0 .00
El 7 ©oa 1 14.29 1 2s.cc 1 14.29 1 25.00 0 .00 0 -00
. 40 .. _...1% . B 4. 26u67. ... 3 __31.50 .2 13.33 1 12.50 [ .00 0 -00
sC 31 16 10 32.26 6  37.5¢C 4 12.9C 2 12.5C 0 .00 0 «00
&L £3 3 21 33,33 11 34 .38 -9 1a.29 - __. A lh.634 - 1....1.89. _ .. S —3.13
70 127 64 42 33,07 21 32,81 18 14.17 9 14,5t 4 3.15 3 4,69
8¢ 255 120 84  12.94 k2. 32,81 36 l4.12. 15 l4.C6 16 6.27 12 9.38
90 511 256 169 33.07 85  33.2¢ 73 14.29 37 14,45 40 7.83 24 9.38
160 .~ . . 1023 _512 340 33.24 . .. 171 33.40 146 14.27 13 14.26 100 9.18 60 .-11.72.
110 2047 1024 682 33,32 342 33,40 292 14.26 146 14.26 200 9.77 100 9.77
120 40995 2048, 135 33,33 (683 33.35 585 14429 293 _ 14,31 e 40) 9279 201
13¢ 8191 4096 2730 33.33 1365 33.33 1176 14.28 S35 14,28 722 8.81 321 7.84
140 16383 8192 5460  33.33 2730 33.33 2340 14.28 1176 14.28 1316 8403 . 594 7.25%
15¢ 32767 16384 16921 33.33 5461 33,33 4681  14.29 2341 14.29 2352 7.18 1036 6.32
160 PYPET 32768 21844 33.33 10923 33,33 9362  14.29 4681 14.29 4368 6467 2016 6.15
170 131071 65536 43690 33,33 21846 33,33 18724 14.29 9362 14.29 8352 6.37 3984 6,08
180 262143 . ..131072 . _A7381.. 33.33 43691 ___33.33 37449 14.29 187289, . 14429 __. 16105 _._6.37. . ___B383.__
B=1C A= B =10 A= 5 B =10 A= 7
N = kB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TUTAL MISS INCREMENT MISS TUTAL MISS INCREMENT
TOTAL INCREMENT CCUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENY COUNT PERCENT
10 1 L ( .GC 0 .00 ¢ .00 0 .00 [ .00
20 3 ? G ¢ .0C ¢ .00 0 .co 0 .00
30 A - - 0g 0 . o0C. . O WDC QW00 000
40 15 “ .€0 [4 .00 o .00 o .00 0 .00
50 3t 18 .00 0 .00 0 <06 0 .00 e . .00
60 63 32 S .00 s 0 .00 ¢ .00 0 .00 [ .00
70 127 £4 g .00 . D) .0C 4 .00 1 .79 1 1.56
8C 255 124 6 .00 .o ¢ .6C o .00 2 .78 1 .78
808l . .253& < T R mealD 1 .20, - L2394 .38 .2 I8
1c0 1.23 512 o .CO .00 4 .39 3 .59 8 .78 4 .78
110 2047 1024 4 .0 .0c 16 .78 12 1.17 16 .78 8 . .78
12¢ 4095 2045 3 .00 .ce 64 1.56 48 2.34 32 .78 16 .78
130 8191 4094 9 .00 .cc 160 1.95 96 2.34 64 .78 32 .78
140 16382 8192 [ .6C ) 400 2.44 240 2.93 129 .79 65 .79
150 32161 16384 G al afC .. .o LLCO_. 3408 ... 600 . ._3.66. _ . 258 . .79 _ _...129.. .19
160 65515 127686 « .oc .cc 2000 3.05 10GC 3.05 516 .79 258 .79
170 131471 85516 ¥ .00 .C0 4000 3.05 2000 3.0% 1032 29 516 .19
180 262143 13107/ ¢ .60 .00 8GC1 3.05 402 3.05 2064 .79 1032 .79
B =10 A= & B=1 A= 9 B=10 A=10 . .
N = KB ERROR MAGNITUDES #1SS TOTAL MISS INCREMENT MISS TUTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
r—me e JUTAL INGREMENS . _ CCUNT. PERCENT  _ COUNT PHRCENT . COUNT PERCENT. . CUUNY PERCENT _ __COUNT. PERCENY ___COUNT PERCENT
1c 1 1 [ .30 [4 .C0 ¢ .GC 2 .00 0 .00 [ .00
2¢ 3 2 n .00 o Wb S c .cC [ .00 0 .00 8 .00
32 7 4 [ .00 0 N N .00 ¢ .00 [ .0¢ [ <00
4C 15 ) o .00 < .C 0 «0C o .00 ¢ .Q0 0. ... 00
5C 31 16 [ .00 o .ce o .00 [ .60 ¢ .00 0 .00
S YV | le G afQ . u Wl 0 ..Q0 8 .00 G._._ .00 0 .00
70 127 6 ¢ ) i . 0u ¢ .0C ! .00 0 .00 [ .00
80 255 12 0 .00 0 .cc o .00 o <00 0 .00 0 «00
90 a11 256 " Lon ¢ .C3 1 .20 1 .39 0 .00 [ .00
160 1. 23 512 0 .00 n .CC 2 .20 1 520 G .00 N «00
110 2 .47 1024 0 .00 o 0 4 .20 2 .20 0 .00 0 .00
120 . 4L95 . 2Q4n owg2 0 Ll L0 8. w20 & .20 ] .00 ] 00
13¢ 4191 409- 4 U5 3 W07 16 .26 8 $20 D] .00 4] 00
140 16383 8192 16 10 12 .15 32 .20 16 .2c 0 .00 [ .00
150 32767 16354 64 .20 48 o2y 64 .20 12 $20 0 .00 [ <00
160 65435 3276% 256 »39 192 .59 128 .20 64 .20 0 00 Q .00
17¢C 131 71 65520 640 .49 384 .59 25¢ .2¢ 128 .20 [ .00 0 .00
- 180262143 1310710 1600 _ __.6l. .. 96C .73 . __ 513 .20 251 20 . _ @ 00 0 a0
=10 A =11 B = lc A =12
N = KB ERROR MAGNITUDES ;55 1yTAL MISS INCREMENT M1SS TOTAL MISS INCREMENT
TOTAL INCREMENT CCUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
16 1 1 0 .00 o .00 c .00 a .00
2¢ 3 ‘ 0 .00 0 e 0 .C0 G L0c
301 e . .0 L0G .0 . .00 B L S |
40 1% , 0 .00 0 .cC 0 .0C o
5C 31 16 ° .00 u +00 [ -0C [
60 63 32 0 .00 0 .00 i .CG °
7 127 64 0 .00 [0 .00 [ 200 °
80 255 128 o .00 0 .0C 0 .00 v
80 .51} _. .25t ob L W00 . 8. .aGC —0 .. .00 _ [
100 1023 512 [ .00 © .00 G .00 o
11C 20467 1024 1 atih 1 iU v s o
120 4095 2048 2 .05 1 .05 [ .00 0 L0
13¢ 8191 4098 4 .05 2 .05 o .0C o .00
140 15383 H19/ 8 +U5 4 «05 0 00 0 + 06
Jlsg 327687 16384 16 .08 __ ___B . s . .00 4 .. .00
160 65515 12763 32 .05 16 oth v .00 o .0U
17¢ 131c71 6553¢ 64 .05 32 «Ch u .Q0 o .00
18¢ 262143 131072 128 .0% 64 .5 1 .00 1 .0l
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Table A-10. Byte length B = 12

— .. B=1 = 2 B=12 A= 3 B=12 A=_4
N = KB ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
.00 0 .00 [ .00 [} .00 0 .00 0 .00
Q.00 9 £00 0 .00 g .00 0 .00 0 .00
14.29 1 25.00 0 .00 0 .00 0 .00 [ +00
26,67 3 37.5G._ 9 .00 0 _..00 0___ .00 ___ 0 .00
32.26 6 37.50 0 .00 0 .00 [ .00 0 +00
33,33 Al _ 34,38 0 .00 _ 0 .00 o 0 0 00
33.07 21 32.81 1 .19 1 1.56 [ .00 [ .00
32,96 42 32,81 8 _ 3.4 1 __5.41 Q 00 0. .00
33.07 85  33.20 36 7.05 28 10.94 0 .00 [ .00
L 33.24 171 33.40. 120 11.73 __ __ _ 84 _ 16,41 0 00 Q 00
132 2047 1024 682  33.32 342 33,40 330 16.12 210 20.51 [} .00 [ .00
144 4Q95 2048 1365 _ 33.33 683 33,35 792 19.34 462 22,56 o 200 Q .00
156 8191 4096 2730 33.33 1365  33.33 1716  20.95 924 22.56 [] .00 0 .00
168 16355 8192 5460 33,33 2730 33.33 . 3433 _ 20.95 1717 20,96 0 _ .00 0 .00
180 32767 16384 10921  33.33 5461 33,33 6450  19.68 3017  18.41 1 .00 1 .01
192 65535 32768 __ 21844 33433 _ 10923 33,33 .. 11560 17.64. . _ 5110 15,59 . __16 .02 . 15_ . _ .05
204 131071 65536 43690  33.33 21846 33,33 20128 15.36 8568  13.07 136 .10 120 .18
_216 262143 131012
Z = - - -
N = KB ERROR MAGNITUDES ot A Pl At o1z At

MISS TOTAL . __MISS INCREMENT __ MISS JOTAL ___ MI

S5 INCREMENT _ MISS TOTAL __ MISS INCREMENY
COUNT PERCENT

TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
12 1 } 1 [ W00 0 . .00 0 __.00 0 __.00 .0 a0 .. .0 _._ .00
24 3 z o .00 ) .00 0 .00 [ .00 0 .00 0 .00

— 34 1 4 Q 00 0 o] ] 0qQ 0. 00 o «00 Q. o
48 15 b 0 .00 [ .00 [ .00 [ .00 o .00 0 .00
60 . _3L . _ 1e 1 3.23 1 6,25. . Q___ .00 ___ __ 0 L00 ... D .00 .. __ 0. .00
72 63 3 2 3.17 1 3.13 0 .00 [ .00 [ .00 [ .00
84 . 121 . 64 4 3.15 . 23,13 .. .0 000 0 .00 1. .79 1 1.56
96 255 128 8 3.14 4 3.3 0 ) 0 .00 2 .78 1 .78

108 511 256 _ 16 3.13 a 3.13 Q .00 . 0 .00 ... __ A& __.J8 2. .

12¢ 1023 512 33 3.23 17 3.32 0 .cO 0 .00 8 .78 4 .78

132 2047 1024 66 3.22 33 . 3.22 _ 0 .00 _ o 00 16 .78 8 .78

144 4095 2048 132 3.22 66 3.22 o .00 i .00 32 .78 16 .78

156 @191 4096 264 3.22 132 3.22 _0 .00 0 .00 64 .78 22 .18

168 10383 8192 528 3.22 264 3.22 ¢ .00 0 .00 129 .79 65 .79

. 1ag 312767 16384, 1G52. _3a.23 . 529 3.23 v} aa Q LAY 258 i} 129 S

192 65535 32768 2114 3.23 1057 3.23 0 .00 [ .00 516 .79 258 .79
2¢4 131071 655 46 4228 3.23 2114 3.23 o .00 .0 . .00 1032 .79 516 .79
216 262143 131672 8456 3.23 4228 3.23 o .00 o .00 2064 .79 1032 .79

- - —— B=12 A=_8 . ____ _.___ _ B=12 A=.9 ___ .. ____ _ B= As10 ... ..

N = KB ERROR MAGNITUDES MISS TOTAL MISS INCRFMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
— COUNT P . FRCENT. . COUNT PERCENT

o D) 0 .c0 0 .00 ) .90 0 .00 0 .00
[ N S N 00 . .. .00 G .00 ... 0 <00 Gl a0

¢ Lon 0 .00 [ .00 4 .00 0 .00 [ .00
L0 . a0 Qe a0G., e l0 L W00 €. w00 . O . . 00 S0, . ..00 .

0 .00 o .co 0 .00 0 .60 0 .00 0 .00

kvl I ta] L PasIve 0. 200 — 0 00 [e] -00. Q a0

¢ L0 o .C0 [ .00 0 .00 [ .00 [ .00

o 00 o .00 0 - .00 D .00 .0 .00 Q .00

¢ .00 0 .CO o .00 0 .00 0 .00 0 .00

: .G .9 o 00 QW06 0 00 . & . .00 LR .00

132 2047 1024 0 .60 0 .00 0 .00 0 .00 0 .00 [ .00

M4k 4295 . 204y . o 20 0 o 9 _.0q _q 00 0 .00 0 00
156 8191 4090 0 Y G .00 0 .00 [} .00 0 .00 [ .00
168 16383 B19Z 0 o0 . o o0 0. _. W0C... .0 __ .00 o S0 o -00

18 32761 16384 0 w0 0 .00 o .00 o .00 1 .00 1 .01

192 65535 . .. 32768 . 0. .00 o aC0. o 00 0 _.00_ 4 a01 3 .01

204 131C71 65536 [ .00 0 .00 ¢ .00 0 .00 16 .01 12 .02

131970 . O a0 £ [o14] 0 00 0 00 — 66 .02 . __48 __ __.0&
B= 12 A= 11 8 =12 A=12

N = KB ERROR MAGNITUDES  y g5 1pyaL M1SS INCREMENT M1SS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNY PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
w2 1 -1 0 .£0 0 .00 .0 .00 6 . .0cC
24 3 2 ¢ I3 0 .00 0 .06 0 .00
- 36 T b Qo aQ0 Q. aGQ- Q0 -~ 00 Q 16}
48 15 N o .60 I .00 [} .00 [ .00
sC _31 16 v .0e o .0C 0 .0 0 .00
72 63 32 o o o .00 0 .06 0 .00
84 127 a4 0 .0Q o .00 I .0¢ © .00
96 255 124 [ 10 ¢ +00 0 «0G 0 « 00

1C8 511 256 Q. —_a0Q Qe WaLl 0 L0C 0 .00

120 1023 512 o .00 0 .00 0 .00 [ .00

132 2067 .. 1024 1 .08 1 .10 o .00 0 a00

144 4095 2048 2 .05 1 .65 0 .06 ¢ .00

156 . 8191 4096 4 .05 2 .05, o .oC 0. .. .00

168 16383 8192 8 o5 4 .05 0 .00 0 .00

180 32761 16384 16 05 (DU - SR ¢ - Q 00 o Qo

192 6535 32768 32 .05 16 -GS [ .00 0 .00

2c4 131871 & 84 .05 . 32 L8 c .00 .0 ~00

216 128 <5 64 .05 0 0

262143

!
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10
12
14
16
18
20
22
24

ERROR MAGNITUDES

TGTAL INCREMENT
13 1

4

13

40
121
364
1093
3280
2841
29524
88573
265720

ERROR MAGNITUDES
TOTAL INCREMENT
1

&4
13

40

121
364
1093
3280
9841
29424
88573
265720

ERROR MAGNITUDES

3

E]

27

81
243
129
2187
[7-1.21
19683
59049
177147

1
3

k]

27

81

243
729
2187
6561
19683
59049
177847

TOTAL INCREMENT
1 1

4
13

40

121
364
1093
3280
9841
29524
88573
265720

ERROR MAGNITUDES

3

9

27

81
243
729
2137
6561
19683
59049
177147

TOTAL INCREMENT
1 1

4
13

40

121
364
1093
3280
9841
29524
88573
265720

3

2

27

81
243
129
2137
6561
19683
59049
177147

MISS
COUNT

13

40
121
364
1093
3280
9841
29524
88573

MISS
COUNT

~-—-o0O00

107
329
1004
2940
8644

MISS
COUNT

MISS
COUNT

WrHeEOOOOODOQCOCCOCO

™

ll. Indeterminate Faults, Check Factors 24-1.

Table A-13. Byte length B = 2

«39. .

B= 2 A= 2
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
-CO ¢} - 00
25.00 1 33.33
30.77 3 33.33
32.50 9 33.33
33.06 27 33.33
33,24 81 33.33
33.30 243 33.33
33.32 729 33.33
33.33 2187 33.33
33.33 6561 33.33
33.33 19683 33.33
33.33 59049 33.33
8= 2 A= 5
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
.00 0 +00
<00 0 «00
.00 0 «~00
- 00 0 00
«83 1 1.23
1l.92 6 2.47
2.84 24 3.29
3.26 76 3.48
3.34 222 3.38
3.40 675 3.43
3.32 1936 3.28
3.25 5704 3.22
B= 2 A= 8
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
- 00 0 .00
«00 0 «00
«00 o .00
«00 ] <00
«83 1 1.23
1.10 3 1.23
l.19 9 1.23
1.22 27 1.23
«96 54 .82
.75 126 <64
58 294 50
45 687
B= 2 A=11
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
.00 0 «00
<00 0 «00
.00 [+} .00
.00 0 .00
«00 0 -00
- 00 0 <00
«00 0 .00
<00 o -00
.00 0 .00
«00 0 -00
.00 1 .00
+00 12 -01

1405
4217
12653
37960

1545
4597

MISS
COUNT

MISS
COUNT

PrOOODOO

i3
40
121
364

B= 2 A= 3
TOTAL MISS INCREMENT MISS
PERCENT COUNT PERCENT . LOUNT.
00 ] «00
-00 ¢} «00 0.
7.69 1 11.11 1
12.50 4 14.81 4
14.05 12 14,81 10
14,29 35 14.40 . 25
14.27 104 14,27 76
14,27 312 14,27 228
14.28 937 14,28 669
14.28 2812 14,29 1976
14.29 8436 14.29 5926
14.29 25307 . 14229 . 17769 ..
8= 2 A= 6
TOTAL MISS INCREMENT HMISS
PERCENT COUNT PERCENT COUNT
- 00 0 00 0
.00 0 .00 0
.00 -0 «00 ... [}
2.50 1 3.70 0
3.31 3 3.70 [
3.57 9 3.70 0
2.84 18 2.47 1
2.23 42 1.92 9
1.75 99 1.51 — . 45
1.75 345 1.75 201
1.74 1028 1.74 101
l.73 3052 1.72 2171
8= 2 A= 9
TOTAL MISS INCREMENT MISS
PERCENT . COUNT PERCENT . COUNT
<00 0 00
-00 0 00
.00 o «00
«00 [ «00
.00 0 .00
200 .Q — 00 .
.00 0 00
«00 0 «00 13
.01 1 .02 40
«04 10 05 121
«07 48 -08 283
«11 236 213 . _ 661 ..
8= 2 A=12
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
«00 0 «00
00 0 «00
. 00 S0 .00
.00 0 00
.00 0 00
- 00 [ 00
«09 1 14
.12 3 «l4
-13 9 «l4
.14 27 .14
«14 81 .14
-l4 243 14

- E-E-R-N-]
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8= 2 A= 4
TOTAL MISS INCREMENT
PERCENT . ... COUNT PERCENI .
.00 0 <00
=00 ] <00 .
7.69 1 11.11
10.00 3 . ll.1l.
8.26 6 T.41
6.B7 ... .18 _ 6417 -
6.95 51 7.00
6.95 152 6.95
6.80 441 6.72
6.69 1307 6.64
6.69 3950 6.69
6269 11843 62069
B= 2 A= 7
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
.00 0 +00
-00 0 «00
. «00 L0 . .00 .
«00 [} «00
.00 o} «00
« 00 0 00
09 1 -1l4
27 8 37
- ebb. 36 «55
-68 156 «79
79 500 -85
.82 1470 .83
B= 2 A=10
TOTAL MISS INCREMENT
PERCENT _. __ COUNT PERCENT. _
00 o «00
.00 1] «00
+00 4] «00
-00 [ «00
+00 4] «00
#27 . .1 .41
37 3 o4l
40 9 «41
41 27 o4l
41 81 «41
32 162 «27
«25.. . _ 318 _L,21

29
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ERROR MAGNITUDES

N = KB -ygyaL INCREMENT
3 1 1
6 4 3
9 12 9

12 4C 27
15 121 81
18 364 243
21 1¢92 729
24 328¢C 2187
27 3841 6561
30 29524 19683
33 88572 59049
36 26572C 177147

ERROR MAGNITUDES

N = TCTAL INCREMENT
3 1 1
6 4 3
9 13 3

12 4C 27
15 121 81
18 264 243
21 1¢93 729
24 328¢C 2187
27 9841 6561
30 29524 19683
33 88512 59049
36 26572C 177147
ERROR MAGNITUDES

N = KB y0o1AL INCREMENT
3 1 1
6 4 3
9 12 9

12 4C 21
15 121 8l
18 364 243
21 1c9:2 725
24 328¢ 2187
21 3841 6561
30 29524 19683
33 88573 59049
36 26512C 177147
ERROR MAGNITUDES

N = KB yo1aL INCREMENT
3 1 1
[ 4 3
9 13 s

12 4C 27
15 121 81
18 164 243
21 1cs2 129
24 328¢ 2187
21 9841 6561
30 29524 19683
33 88512 59049
36 26572C 177147

30

¥ISS
CCGUNT
[+

1

4

13

4C
121
364
1¢93
328¢C
9841
29524
88573

MISS
CCUNT
C

¢
0
¢
1

7

31
107
329
1C04
294C
8644

®ISS
CCUNT
[y}

(N NeoNoNoNoNoNaloNeNel

—

B =
TUTAL
PERCENT

00

25.00

3C.717

32.50

33.06

33.24

33.30

33.32

33.33

33.33

33.33

33.33

R =
TOTAL
PERCENT

.00
.00
.00
.00
.83

1.92

2.84

3.26

3.34

3.40

3.32

3.25

B =
TOTAL
PERCENT

«00
«00
.00
«00
00
00
00
.03
-10
«20
-30
«35

B =
TOTAL
PERCENT

00
<00
«00
«00
00
.00
«00
00
+00
«00
<00
<00

Table A-14, Byte length B =3

3 A= 2

MISS INCREMENT
COUNT PERCENT

[

1

El

9

21

81
243
129
2187
6561
19683
59049

3 A= 5

«00
33.33
33.33
23.33
33.33
33.33
33.33
33.33
33.33
33.33
33.33
33.33

MISS INCREMENT
CUUNT PERCENT

3 A= 8

00
«00
- 00
«00
1.23
2.47
3.29
3.48
3.38
3.43
3.28
3.22

MISS INCREMENT
CUUNT PERCENT

3 A =11

00
«0C
«00
00
-00
<00
00
.05
<14
«24
35
«37

MISS INCREMENT
COUNT PERCENT

[

NEOOODOOOOOO

~

«00
-00
.00
+00
-00
«00
«00
«00
00
.00
.00
.01

MISS
COUNT
]

25

10
157
561
1614
468¢€
13706
40326

MISS
COUNT

MIsSS
COUNT
Cc

4]

o

1

4

13
31
13
17
465
1263
3429

MISS
COUNT

R N-N-N-¥.]

13
40
94
220
514
1200

B =
TCTAL
PERCENT

«00

25.00

23.08

22.50

2C.66

19.23

18.¢2

17.10

16440

15.87

15.47

15.18

B =
TUTAL
PERCENT

+C0
«CO

7.69

1C.C0

8.26

€.59

6.C4

5.49

4.92

4.40

4.06

3.74

B =
TuTAL
PERCENT

.00

00

.00
2.50
3.31
3.57
2.84
2.23
1.74
1.57
1.43
1.29

B =
TuTAL

PERCENT

.C0

-C0

00

00

.83

1.10

1.19

1.22

96

<15

.58

.45

3 A= 3

MISS INCREMENT
COUNT PERCENT

0
1
2

Iy

16

45
127
364
1053
3072
9020
26620

3 A= 6

.00
33.33
22.22
22.22
19.75
18.52
17.42
16.64
16.05
15.61
15.28
15.03

MISS INCREMENT
COUNT PERCENT

4]

0

1

3

6

14
42
114
304
816
2295
6345

3 A= 9

00
.00
il.11
1l.11
T.41
5.76
5.7¢
5.21
4.63
4.15
3.89
3.58

MISS INCREMENT
COUNT PERCENT

3 A=12

-0C

.00

.0C
3.7¢C
3.7C
3.70
2.47
1.92
1.49
1.49
1.35
1.22

MISS INCREMENT
COUNT PERCENT

=00
00
<00
.00
1.23
1.23
1.23
1.23
.82
<64
<50
-39

MISS
COUNT
0

0

(o}

1

[}

22

T4
225
664
1976
5896
17681

M1SS
COUNT

>
WO=OO0CO0OO0OO0O

183
639
2191

KISS
COUNT

CN=OO0OO0O0OO0CO0OO

- -

B =
TOTAL
PERCENT

«00

00

- 00
2.50
4.96
6.04
6.77
6.86
6475
6.69
6.66
6.65

B =
TOTAL
PERCENT

.00
«00
.00
-00
«.C0
«00
09
27
«50
.62
.72
82

B =
TOTAL
PERCENT

«C0
«00
-C0
«00
00
00
«CO
-00
.00
«00
.01
«03

3 A= 4

MISS INCREMENT
COUNT PERCENY

1

5

15
43
131
392
1178

3 A= 7

o
0
0
1
5
[
2
1
9
2
0
5

«00
<00
- 00
3.70
6.17
6.58
7.13
6.90
6.69
6.67

6.64

6,065

MISS INCREMENT
COUNT PERCENT

4

45
155

3 A=10

B=OO0O0O0O

¢

6
2

00
«00
.00
.00
-00
.00
.14
.37
.61
.68
N7
.88

MISS INCREMENT
COUNT PERCENT

O =

rm~O000000000C

.00
«00
00
-00
«00
«00
00
«00
.00
.01
+«02
-04



N =

= KB

rs

8
12
16
20
24
28
32
36
40
44
48

KB

4

8
12
16
20
24
28
32
36
40
44
48

N =

KB

ERROR MAGNITUDES

TOTAL INCREMENT

1 1

4 3

13 9

4C 27

121 81

364 243

1093 729

328¢C 2187

9841 6561

29524 19683

88573 59049

26572¢ 177147
ERROR MAGNITUDES

TOTAL INCREMENT

1 1

4 3

13 9

40 27

121 81

364 243

1093 729

_328¢ 2187

9841 6561

29524 19683

88572 59049

26572¢ 177147

ERROR MAGNITUDES

TOTAL INCREMENT
1 1
4 3
13 9
. 4C 27
121 81
364 243
1093 129
3280 2187
9841 6561
29524 19683
88573 59049
265720 177147

ERROR MAGNITUDES

TOTAL INCREMENT
1 1

4 3
13 9

4C 21

121 81
364 243

1093 129

328C 2187
9841 6561
29524 19683
88573 59049
26572C 177147

MISS
COUNT

13

121
364
1093
3280
9841
29524
88573

MISS
COUNT

-0 0

27

329
1004
2940
8708

MISS
COUNTY

X -Y-N N N-NoN-N-N~ )

-

Table A-15. Byte length B =4

B= 4 A= 2
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
.00 ¢ .00
25.00 1 33.33
30.77 3 33.33
32.50 9 33.33
33.06 21 33.33
33.24 81  33.33
33.30 2437 33.33
33.32 729 33.33
33.33 2187  33.33
33.33 6561  33.33
33.33 19683  33.33
33.33 59049  33.33
B= 4 A= 5
TOTAL MISS INCREMENY
PERCENT COUNT PERCENT
.00 ¢ .00
.00 0 .00
.00 ¢ .00
.00 o .00
.83 1 1.23
1.92 6 2.47
2.47 200 2.74
2.96 70 3,20
3.34 232 3.54
3.40 675  3.43
3.32 1936  3.28
3.28 5768 3.26
B= 4 A= 8
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
.00 ¢ .00
.00 0 .00
7.69 1 1111
10.00 3 1.1
8.26 67 T.41
6.59 14 5.76
6.04 42 5.76
5.49 114 5.21
4.92 304 4.63
4.40 . 816 4.15_
4.06 2295 "73.89
3.74 6345  3.58
B= 4 As=11
TOTAL MISS INCREMENT
PERCENT COUNT PERCENT
<00 o -00°
.00 0 00
.00 0 .00
.00 0 .00
00 ° 00
.00 0 .00
<00 e T
00 B .00
00 o 00
.00 0 .00
<00 1 .00
.00 12

W00

=0

4 A= 3
MISS INCREMENT
.. COUNT PERCENT
0 «00
4] «00
1 11.11
4 14.81
12 14,81
35 14.40
104 14.27
312 14.27
937 14.28
2812 14.29
8436 14.29
125307 14.29
4 A= 6
MISS INCREMENT
CCUNT PERCENT
0 -00
.0 .00
0 «00
1 3.70
3 3.70
9 3.70
18 2.47
42 1.92
99 1.51
345 1.75
1028 1.74
3052 1l.72
4 A= 9

M1SS INCREMENT

COUNT PERCENT
«00
<00
«00

_00

«00

«00

«00

«00

«02

.05

%10

el2

B= 4 A=12

B =
MISS TOTAL
_COUNT PERCENT
0 «C0
0 «00
i T.69
5 12.50
17 14.05
52 14.29
15¢° 14.27 )
468 14.27
14C5 14.28
4217 14.28
12653 14.29
37960 14.29
g =
MISS TOTAL
COUNT PERCENY
D 00
.0 _.co
[ .CC
1 2.50
L} 3.31
13 3.57
31 2.84
13 2.23
172 1.75
517 1.75
1545 l.74
4597 1.73
B =
MISS TOTAL
COUNT PERCENT
[} «00
0 «00
[+ -00
.0 .00
[4] .00
o -C0
[} <00
0 «00
1 «01
11 .04
7 -08
2719 10
MISS TOTAL
COUNT PERCENT
T L0
0 -00
4} 00
1 2.50
4 3.31
13 3.57
31" 2.84
13 2.23
1 1.74
465 1.57
1263 1.43
_3429

.29

MISS INCREMENT
__COUNT PERCENT

07 .00
[+] «00
[+] +00
1 3.70
3 3.70
9. 370
1877 2.47
42 1.92
98 1.49
294 1.49
798 1.35

..2186 .22

. b= 4
MISS TOTAL
_COUNT PERCENT _

[ «00
1 25.00
3 23.08
9 22.50
25 20.66
70 19.23
196 17.93
553 16.86
1569 15.94
4476 15.16
12826 14.48
36894  13.88
B= 4
MISS TOTAL
COUNT PERCENT
0 -C0
- 0 -00
0 «00
] 00
0 - 00
0 .00
1 <09
9 «27
49 +50
183 «62
639 «72
2191 -82
[ L. 2
MISS TOTAL
COUNT PERCENT
0 «00
0 00
[} «00
0 .00
[+] <00
1 «27
4 «37
13 -40
40 o4l
121 W61
283
661 25

t32
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A= &4
MISS INCREMENT
_ COUNT_PERCENT

] <00
1 33.33
2 22.22
6 22.22
16 19.75

. .45 18.52
126 17.28
357 16.32
1016  15.49
2907  14.77
8350 14.14

24068 13.59

A= 7
MISS INCREMENT
COUNT PERCENT
0 «00
0 200
0 «00
[} 00
[ «00
[} «00
1 14
8 .37
«61
«68
- 17
.88

A =10

" MISS INCREMENT

COUNT PERCENT
«00
«00
«00
=00
«00
41
o4l
41
.4l

__e4l
«27
«21

31
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Table A-16. Byte length B =5

8= 5 A= 2 ] B = 5 A= 3 L 8= 5 A= &
N =K ERROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT NISS TOTAL MISS INCREMENT
s TOTAL INCREWENT COUNT PERCENT  COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT  COUNT PERCENT
1 1 [1} .00 [4 +00 ] ] 0 T .00 0 <00 0 «00
10 4 3 1 25.00 1 33.33 0 .00 0 .00 0 .00 0 «00
15 13 L] 4 30.77 3 33,33 1 1.69 1 11.11 0 .00 0 -00
20 4C 27 13 32.50 9  33.33 5 12.50 4  14.81 1 2.50 1 3.70
25 121 81 40 33.06 21 33.33 17  14.05 12 14.81 6 4.96 5 6.17
30 364 243 121 33.24 81 33.33 2  14.29 35 14.40 22 6.04 16 6458
35 1693 129 364  33.30 2437 33.33 7 77156 14,217 0 104  14.27 I 7 6.TT 52 7.13
40 328C 2187 1093 33.32 729 33.33 468 14.27 312 14.27 225 6.86 151 6.90
45 9841 6561 3280 33.33 2187 33.33 1405 14.28 937 14,28 664 6.75 439 6.69
50 29524 19683 9841  33.33 6561  33.33 4217  14.28 2812 14.29 1976 6.69 1312 6.67
55 88573 59049 29524  33.33 19683  33.33 12653  14.29 8436  14.29 5896 6.66 3920 6.64
60 26572¢C 177147 88573  33.33 59049  33.33 37960 14.29 25307 14.29 17681  6.65 11785  6.65
B= 5 A= 5 B= 5 A= 6 8= 5 A= 7
N = KB ERROR MAGNITUDES  mIss TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
= TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
5 1 1 0 .00 0 .00 0 .00 0 .00 0 .00 0 .00
10 4 .3 1 25.00 1 33,33 0 W00 0«00 0 .00 0 .00
15 13 9 3 23.08 2 22,22 0 .00 [\ .00 0 .00 [} «00
20 4C 27 9 22.50 6  22.22 0 .00 0 .00 0 .00 0 «00
25 121 81 25  20.66 16 19.75 0 .00 0 .00 0 .00 0 .00
30 364 243 70 19.23 45  18.52 1 .27 1 41 0 .00 0 «00
s 1093 729 196 17.93 126 17.28 8 .73 7 .96 1 .09 1 .14
40 328C 2187 553  16.86 357 16.32 32 <98 264 1,10 9 W21 8 37
45 9841 6561 1569  15.94 1016 15.49 120 1.22 88 1.34 45 <46 36 +55
50 29524 19683 4476 15.16 2907 14.77 434 1.47 314 1.60 201 .68 156 <79
55 88573 59049 12826  14.48 8350 14.14 1482 1.67 1048 1.77 701 .19 500 -85
60 265720 177147 36894 13.88 24068  13.59 4537 1.71 3055 1.72 an .82 1470 .83
) B=x 5 A= 8 B= 5 A= 9 B = S A=10 )
N - ERROR MAGNITUDES  m1s§ YOTAL MiSS INCREMENT WISS TOTAL ~~ ~ MISS INCREMENY ~ ~~ "MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENY COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
s 1 1 0 .00 0 .00 0 .00 0 <00 0 .00 0 -00
10 4 3 0 .00 0 .00 0 <00 0 .00 0 -00 0 .00
15 13 9 (0 .00 0 .00 0 .00 0 +00 1 7.69 1 1i.11
20 AC 21 0 <00 '8 -00 .. 0 .00 O =00 . % 10,00 3 1l.ll
25 121 8l 0 .00 ¢ .00 0 .00 0 <00 10 8.26 6 T.41
30 364 243 0 .00 0 .00 0 .00 0 .00 24 6.59 14  5.76
35 1093 729 (} .00 0 .00 0 .00 0 «00 66 6.04 42 5.76
40 3280 2187 1 .03 1 .05 0 .00 [ -00 180 5.49 114 5.21
45 9841 6561 10 .10 9 .14 1 .01 1 .02 484 4.92 304 4.63
50 29524 19683 (58 .20 48 .24 11 =04 10 .05 1300  4.40 816  4.15
ss 88573 59049 262 .30 204 <35 71 .08 60 .10 3595 4.06 2295 3.89
60 26572¢ 177147 918 .35 656 <37 219 .10 208 .12 9940 3.74 6348 3.58
8= 5 A=11 B= S A=12
N = kg FRROR MAGNITUDES  wiss TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
1 1 TG00 T 0 T .06 T 70 T TG00 T T 0T L0007
10 4 3 0 .00 0 .00 0 «00 0 .00
15 13 9 0 <00 ¢ +00 0 .00 0 «00
20 40 21 0 .00 0 .00 0 .00 o +00
25 121 81 0 .00 0 .00 0 «00 0 «00
30 364 243 0 .00 0 .00 0 «00 0
3s 1093 129 I I [ I - TR | I Y T
40 328C 2187 0 .00 0 .00 0 -00 0
45 9841 6561 0 .00 0 .00 0 .00 0
S0 29524 19683 0 .00 ] .00 0 <00 0
55 88573 59049 1 +00 1 .00 0 .00 [}
60  26572C 177147 13 .00 12 .01 1 +00 1
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12
18
24
3¢
36
42
48
54
60
66
72

= KB

12
18
24
3o
36
42
48
54
60
66
12

12

24
3¢

42
48
54
60
66
12

ERROR MAGNITUDES

T07AL
1

4
13
4C
121
364
1€93
328C
9841
29524

88573

26572C

ERROR
TOTAL
1

4
13
4C

121
364
1093
3280
9841
29524
88573
26572¢C

INCREMENT
1

3
9

27

81

263
729
2187
6561
19683
59049
177147

MAGNITUDES
INCREMENT
1

3

9

217

81
243
129
2187
6561
19683
59049
177147

ERROR MAGNITUDES

TOTAL
1

4
13
4C

121
364
1693
328¢C
9841
29524
88573
26572C

INCREMENT
1

3
9
27
81
243
729
2187
6561
19683
59049
177147

ERROR MAGNITUDES

TOTAL
1

4
13
4C

121
364
1€93
328¢C
9841
29524
88573
26572C

INCREMENT
1

3
9

27

81

243
129
2187
6561
19683
59049
177147

MISS

_COUNT

0
1

&

13

40
121
364
1093
3280
9841
29524
88573

MISS
COUNT

-
WareOOOO

40
94
220
514
1201

MISS
COUNT

wmoOobooOOOOO

-

g =
TOTAL

_PERCENT

+00
25.00
30.77
32.50
33.06
33.24
33,30
33.32
33.33
33.33
33,33

..33.33

B =
TOTAL
PERCENT
«00
+00
00
<00
=83
1.92
2.47

2.96_

3.34
3.40
3.32
3.28

B =
ToTaL
PERCENT

.00
.00
+00

.00

.83
1.10
1.19
1.22
.96
<75
.58
.45

B =
TOTAL
PERCENT
T .00

.00
+00
-00
«00
.00
«00
00
<00
«00
«-00
00

Table A-17. Byte length B = 6

6 A= 2
MISS INCREMENT

COUNT PERCENT
T e «00
1 33.33
3 33.33
9 33.33
27 33.33
8l 33.33
243 33.33
72% 33.33
21817 33.33
6561 33.33
19683 33.33
ﬁﬁﬁﬁﬁ 59045 33.33
&6 A= S5

MISS INCREMENT

COUNT PERCENT
0 - 00
0. _.e00_
(s} «00
o «00
1 1.23
[} 2.47
20 2.74
70 3.20
232 3.54
675 3.43
1936 3.28
5768 3.26
6 A= 8

MISS INCREMENT

COUNT PERCENT

0 .00

o <00

0 .00
0 .00

1 1.23

3 1.23

s 1.23

27 1.23

54 .82
126 64

294 «50

687 .39

6 A =11

MISS INCREMENT

COUNT PERCENT

-00

00
«00
00
«00

N=O0ODODO0ODDOOO0DO
.
[=]
=1

-

B = 6 A= 8= &6
MISS TOTAL MISS INCREMENT MISS TOTAL
_ COUNT PERCENT COUNT PERCENT COUNT PERCENT
0 «00 [+] «00 [} =00
1 25.00 1 33.33 4] «C0
3 23.08 2 22.22 1 T.69
9 22.50 [ 22.22 4 10.00
25 20.66 16 19.75 10 8.26
10 19.23 45 18.52 25 = 6.87
197 18.02 127 17.42 76 6.95
561 17.10 364 16.64 228 6.95
1614 1640 1053 16.05 669 6.80
4686 15.87 3072 15.61 1976 6.69
13706 15.47 9020 15.28 5926 6.69
_A0326 15.18 26620 15.03 17763 6.69
B= 6 A= 6 B = &
MISS TOTAL MISS INCREMENT MISS TOTAL
COUNT PERCENT COUNT PERCENT COUNT PERCENT
[ 0 .00 [} .Co
1 b 33,33 0  .CO_
3 2 2222 v] «00
9 6 22.22 [ «00
25 16 19.75 o
70 45 18.52 0
196 126 17.28 1
553 7 16.32 9
1569 ) 15.49 37
4476 15.16 2907 14.77 143
12826 14.48 8350 14.14 539
36894 13.88 24068 13.59 1961
.. . B= 6 A= 9 e B &
MISS TOTAL MISS INCREMENT MISS TOTAL
COUNT PERCENT COUNT PERCENT COUNT PERCENT
0 «C0 0 «00 (4] «00
4] -00 Q 00 0 -C0
4] «C0 0 «00 0 «00
..t 25 1 3.76 0 _ .00
L3 3.31 3 3.70 [+] «00
13 3.57 9 3.70 1 -27
31 2.84 18 247 4 «37
73 2.23 42 1.92 13 <40
171 l.74 98 1.49 40 41
465  1.51 = 294 1.49 121 o4l
1263 1.43 798 - 1235 283 «32
3429 1.29 2166 1.22 661 «25
B= 6 A=12
MISS ToTAL MISS INCREMENT
COUNT PERCENT COUNT PERCENT
T LG0T T W00
[+ «00 0 «00
1 1.69 1 11.11
4 10.00 3 11.11
10 8.26 [} T4l
24 6.59 14 5.76
T 667 T 6.04 T2 T8, T6 T
180 5.49 114 S.21
484 4.92 304 4.63
1300 4.40 816 4.15
3595 4.06 2295 3.089
9940 3.74 6345 3.58
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A= &
MISS INCREMENT
COUNT_PERCENT _

[ -00

e -00

1 11.11

3 1l.11

6 7.4l

.15 6.1

51 7.00

152 6.95

441 6.72

1307 6.64

3950  6.69

11843  6.69
A= 7

MISS INCREMENT
COUNT PERCENT
00
.00
<00
.00
<00
.00
.14

.37
.43
+54
.67
.80

N -N-N - N-N-¥-]

COUNT PERCENT

0 «00
[+] «00

0 «00

0 .00

0 «00

1 bl

3 o4l

9 4l
27 .41
81 .81
162 27
378 .21
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- kB'ERROR MAGNITUDES
TOTAL INCREMENT'
i 1

14 4 3
21 13 9
28 40 27
35 121 81

42 364 243
49 i093 729
56 3280 2187
63 9841 6561
70 29524 19683
77 88573 59049
84 26572C 177147

- x5 ERROR MAGNITUDES
'TOTAL INCREMENT
1 1

7

14 ) 4 3
21 13 9
28 4C 27
35 121 81
42 364 243
49 1093 729
56 3280 2187
63 9841 6561
70 29524 19683
17 88573 59049
84 265720 177147

- KB ERROR MAGNITUDES
TOTAL INCREMENT
1 1

7

14 4 3
21 13 9
28 4C 27
35 121 81
%2 364 243
49 1693 129
56 3280 2187
63 9841 6561
10 29524 19683
77 88572 59049
84 265720 177147

- KB ERROR MAGNITUDES
TOTAL INCREMENT
1 1

14 4 3
21 13 9
28 40 27
35 121 81
42 364 243
49 10937 729
56 3280 2187
63 9841 6561
10 29524 19683
77 88573 59049
84 265720 177147

34

Table A-18. Byte lengthB =7

8= 7 A= 2
MISS TOTAL MISS INCREMENT
COUNT PERCENT COUNT PERCENT
] 00 T e T Lo
1 25.00 1 33.33
4 30.77 3 33.33
13 32.50 9 33.33
40 33,06 21 23.33
121 33.24 81 33.33
364 33.30 243 "33.33
1093 33.32 729  23.33
3280 33.33 2187 33.33
9841 33,33 6561  33.33
29524  33.33 19683  33.33
88573  33.33 59049  33.33
B= 7 A= 5
MISS TOTAL MISS INCREMENT
COUNT PERCENT COUNT PERCENT
0 .00 0 .00
0 .00 e .00
0 .00 0 .00
0 .00 0 .00
1 .83 1 1.23
7 1.92 6 2.47
31 2.84 24 3.29
107 3.26 76 3.48
329 3.34 222 7338
1004  3.40 675  3.43
2940  3.32 1936  3.28
8644  3.25 5704  3.22
L B= T A= 8
MISS TOTAL MISS INCREMENT
COUNT PERCENT COUNT PERCENT
) .00 0 <00
0 .00 0 00
0 -00 0 .00
0 .00 ¢ .00
) .00 0 .00
0 .00 0 .00
0 .00 0 .00
1 .03 1 .05
10 .10 9 .14
_42_ .14 32 .16
166 .9 124 .21
644 .24 478 .27
B= 7 A=11
NISS TOTAL MISS INCREMENT
_COUNT PERCENT COUNT PERCENT
0 .00 T o .00
0 .00 0 .00
0 .00 ) 00
0 .00 o .00
) .00 0 «00
0 -00 0 -00
0 7 7.0 T T 0 .00
o .00 0 .00
0 .00 0 .00
0 .00 o 00
1 .00 1 .00
12 00 12

01

g= 1
MISS TOTAL
__COUNT PERCENT
T T U760
[} .00
1 7.69
5  12.50
17 14.05
52  14.29
156 ~ 14.27
468  14.27
1405  14.28
4217 14.28
12653 14.29
37960 14.29
B= 7
MISS TOTAL
COUNT PERCENT
0 .00
@ .00
0 .00
0 .00
0 .00
1 .27
8 .13
32 .98
120 1.22
434 1.47
1482 1.67
4537 1.71
o B= T
MISS TOTAL
COUNT PERCENT
.00
.00
.00
=00
Y '}
.00

8= 7
MISS TOTAL

COUNT PERCENT
g g

=00
-00
00
00
«00

-00
«00
-00
«00

mooOO0O0OOOOC
i
|
|
!

| B

REL L.

A= 3
MISS INCREMENT

___COUNT PERCENT

[ <00

o .00

17 11.11

4  14.81

12 14.81
35 14.40

1047 7 14027

312 14.27

937 14.28

2012 14.29

8436  14.29

25307 14.29

A= 6

MISS INCREMENT
COUNT PERCENT

B = 7
MISS TOTAL
COUNT PERCENT
"o T l00
o -00
0 -0
1 2.50
6 4.96
.22 6,08
T4 T 67T
225  6.86
664  6.75
1976 6.69
5896  6.66
17681 6.65
B= 7
MISS TOTAL

COUNT PERCENT

M1SS INCREMENT
COUNT PERCENT
TR L0
«00
.00
-00
«00
-00

w007
«00
«00
00
«00
«00

OO0 0000000CO

|
i

A= &
MISS INCREMENT
__COUNY_PERCENT

0 <00
0 .00
1} «00
1 3.7
5 6.17

_ 16 6.58__
52 T.13
151 6.90
439 6.69
1312 667
3920 6.64
11785 6465

A= 7

MISS INCREMENT
COUNT PERCENT

0 .00 [ .00 0 «00
0 00 1 25.00 1 33,33
0 .00 3 23.08 2 22022
0 .00 9 22.50 6 22.22
0 -00 25  20.66 16  19.75
1 <41 70 19.23 45  18.52
7 «96 196 17.93 126 17.28
24 1.10 553  16.86 357 16.32
T8 T 1434 1569  15.94 1016 15.49
314 1.60 4476 15.16 2907  14.77
1048 1.77 12826  14.48 8350 l4.14
3055 1.72 36894 13.88 24068  13.59
A= 9 8= 7 A=10
MISS INCREMENT MISS TOTAL MISS INCREMENT
COUNT PERCENT COUNT PERCENT COUNT PERCENT
0 .00 0 <00 0 «00
] .00 0 .00 0 «00
0 .00 0 .00 ] +00
0 .00 0 .00 0 .00
6 +00 0 <00 o .00
0 <00 0 .00 0 -00
0 .00 0 +00 ] «00
[\ .00 o -00 © .08
1 .02 0 <00 0 -00
10 05 1 .00 1 .01
48 .08 12 +01 11 «02
236 .13 76 .03 64 +04
A= 12



N = KB ERROR MAGNITUDES

N = kB ERROR MAGNITUDES

N = KB ERROR MAGNITUDES

N = KB ERROR MAGNITUDES
TOTAL INCREMENT
1

8
16
24
32
40
48

‘56
64
72
80
ag

96

TOTAL_INCREMENT

1

4

13

4C
121
364
10932
328C
9841
29524
88573
26512¢C

1

3

S

21

81
243
129
2187
6561
19683
59049

177147

TOTAL INCREMENT
1 1

4
13

40
121
364
1093
3280
9841
29524
88572
26572¢C

3

9

27
81
243
729
2187

6561

19683
59049
177147

TOTAL INCREMENT
1 1

ry
13

40

121
364
1092
328C
9841
29524
88573
26572¢C

4
13
4C

121

364

1c93

328¢
9841
29524
88573

__2e572C

3
9

27

81
243
729
2187
6561
19683

59049

177147

1
3

9

27

81
243
129
2187
6561
19683
59049

177147

MISS

COUNT_

0

1

4

13

40
121
364
1093
3280
$841
29524
88573

MKISS
COUNT

31
107
32s

1004
2940
8644

196
553
1569
447¢
12826
36894

MISS
COUNT

-

w~oooo

("R -N-N-N-Y.-N-N-Ney-N.)

Table A-19. Byte length B =8

JPL. TECHNICAL REPORT NO. 32-711

B= 8 A= 2 B= 8 A= 3 B = 8 A= 4
TOTAL MISS INCREMENT MISS TOTAL = MISS INCREMENT ‘MISS TOTAL MISS INCREMENT
PERCENY _ COUNT PERCENT _COUNT PERCENT COUNT PERCENT COUNT PERCENT  COUNT PERCENT
<00 [} <00 0 L) 0 G0 0 +00 70 .00
25.00 1 33,33 0 .00 [} «00 1 25.00 1 33,33
30.77 3 33,33 1 71.69 | N § U5 § N 3 23.08 T2 22,227
32.50 9 33,33 5 12.50 4  l4.81 9 22.%50 6  22.22
33.06 27 33.33 17 14.05°° 12 14.81 25  20.66 16 19.7%
33,24 81 33,33 52 14.29 35  14.40 70  19.23 45  18.52
33.30 243 733,33 T OTI%6 1R.ZTTT T 106 TAS2T 196 T17.93 126 17.28
33.32 729 33.33 468 14.27 312 1427 553 16486 357 16.32
33.33 2187 33,33 1405  14.28 937  14.28 1569 15.94 1016 15.49
33.33 6561 33,33 4217  14.28 2812 14.29 4476 15.16 2907 14.77
33.33 19683 33,33 12653  14.29 8436 14.29 12826  14.48 8350  l4.14
_33.33 59049 33,33 37960  14.29 25307  14.29 36894  13.88 24068 13.59
B= 8 A= 5§ B= 8 A= 6 B= 8 Ax 7
TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
<00 0 «00 0 .00 T 0 «00 [ .00 0 .00
.00 0 _ .00 0 .00 0 «00 0 .00 0 .00
.00 0 .00 B .00 0 T [ [} a0
.00 0 «00 1 2.50 1 3.70 [} «00 0 «00
«83 1 1.23 4 3.31 3 3.70 [} «00 0 «00
1.92 6 2.47 13 3.57 9 3.70 0 +00 0 «00
2.84 24 3.29 31 2.84 18 2.47 1 .09 1 14
3426 76 3.48 13 2.23 42 1.92 9 el 8 31
3.3% 222 30738 172 771.75 77T 99 .51 37777038 28 43
3.40 675 3.43 517 1.75 345 1.75 143 «48 106 54
3.32 1936 3.28 1545 1.74 1028 1.74 539 .61 7396 .67
3.25 5704 3.22 4597 1.73 3052 1.72 1961 T4 1422 =80
B= 8 A= 8 L o 8= 8 A= 9 B= 8 A=10 _
TOTAL MISS INCREMENT K158 ToTAL WISS INCREMENT MISS TOTAL MISS INCREMENT
PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
«00 0 .00 0 »00 [} .00 0 «00 0 -00
25.00 1 33.33 0 .00 0 +00 0 +00 «00
23.08 2 22.22 [} .00 0 «00 0 .00 0 «00
22.50 6 22,22 0 .00 0 00 0 _.00 0 _ .00
20.66 16 "19.75 0 .00 0 <00 0 <60 [} <00
19.23 45  18.52 0 .00 [ +00 1 .27 1 o4l
17.93 126 17.28 0 .00 0 «00 4 «37 3 .4l
16.86 357  16.32 0 .00 [} +00 13 «40 9 bl
15.94 1016 15.49 1 +01 1 .02 40 o4l 27 4l
15.16 2907 14.77_ 11 -04 10 05 121 .41 8l 41
14.48 8350 14.14 47 +05 36 ~06 283 .32 i62 27
13.88 24068  13.59 189 .07 142 «08 661 25 378 .21
B= 8 A=11 B= 8 A =12
TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
T .00 o .00 TTTDTTTL00 [} SO0 -
.00 [/ .00 0 .00 0 .00
.00 0 +00 4 «00 1] .00
+00 0 .00 1 2.50 1 3.70
<00 0 «00 4 3.31 3 3.70
<00 0 .00 13 3.57 9 3.70
T .00 V.00 T TTTRY U T ZLBE Y8 T 2R T
«00 c .00 73 2.23 42 1.92
<00 0 .00 171 1.74 98 1.49
.00 0 «00 465 1.57 294 1.49
.00 1 .00 1263 1.43 798 1.35
.00 12 .01 3429 1.29 2166 1.22
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Table A-20. Byte length B = 9

) . B=10 A= 2 810 A= 3 B=10 A= 4
N = K ERROR MAGNITUDES NISS TOTAL MISS INCREMENT T MISS TOTAL ~~ NISS INCREMENT ~~ ~ MISS TOTAL ~ MISS INCRENENT
Y T B 70TAL INCREMENT  COUNT PERCENT COUNT_PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT_PERCENT
16 B I 0 <00 0 <00 0 +00 0 .00 [ .00 [ <00
20 4 3 1 25.00 1 33.33 0 .00 0 .00 0 00 0 .00
30 13 9 4 30,77 - 3 33.33 T 71469 1 711.11 1 71.69 1 1.1
40 40 27 13 32.50 9 33.33 5 12.50 4  14.81 4 10.00 3 1l.1l
50 121 81 40  33.06 27 33.33 17 14.05 12 7 14.81 10 8.26 6 e
.60 364 243 121  33.24 81 33.33 52 14.29 35 14.40 25  6.87 15 6.17
70 1093 729 364 33.30 2437 733.33 156 ~14.27 1047 14.27 16 T6.98 ST 7.00
80 3280 2187 1093 33.32 729 33.33 468 14.27 312 14.27 228 6.95 152 6.95
90 9841 6561 3280 33.33 2187 33.33 1405  14.28 937 7 14.28 669  6.80 441 6.12
100 29524 19683 9841  33.33 6561 33,33 4217 14.28 2812 14.29 1976  6.69 1307 6.64
110 88573 59049 29524  33.33 19683  23.33 12653  14.29 8436 14.29 5926  6.69 3950 6.69
120 265720 177147 .33 59049  33.33 37960  14.29 25307 14.29 17769  6.69 11843 6.69
B=10 A= § B=10 A= 6 B=10 A= 7
N = ERROR MAGNITUDES  nisS VOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
- TOTAL INCRENENT COUNT PERCENT COUNT PERCENT COUNY PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
10 1 1 0 .00 c 00 (Y .vo 0 00 e 00 T U T .00
20 &4 3 _ 1. 25.00 1 33,33 0 00 0 <00 o .00 0 -00
30 13 9 37772308 T2 22022 0 <60 0 .00 0 <00 0 .00
40 40 27 9 22.50 6  22.22 1 2.50 1 3.70 0 .00 0 00
50 121 a1 25  20.66 16 19.75 4 3.31 3 3.70 0 00 0 <00
60 364 243 70 19.23 45  18.52 13 3.57 9 3.70 0 .00 0 .00
70 1093 729 196  17.93 126 17.28 31 2.84 18 2.47 1 .09 1 .14
.80 3280 2187 553  16.86 357 16.32 73 2.23 42 1.92 9 .27 8 .37
90 9841 6561 1569 T15.94 7 T0l6 T TI5.%9 172 1.75 Y9 TTYLSTT T T .Y <50 %0 .61
100 29524 19683 4476  15.16 2907  14.77 517 1.75 345 1.75 183 .62 134 -68
110 88573 59049 12826  14.48 8350  14.14 1545 1.74 1028 1.74 639 .72 456 oT7
120 26572C 177147 36894 13.88 24068  13.59 4597 1.73 3052 1.72 2191 .82 1552 .88
_____ B=10 A= 8 B=10 A= 9 Be10 A =10
N = ERROR MAGNITUDES ~~u$§ tOTAL — ~ “HISS TNCHEWENY —~ WISS TOTAC — ~ WISS TNCRENENT WISS TOTAL WISS INCRENENT
"TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
10 1 1 o .00 [ .00 - [ «00 0 <00 0 .00 0 -00
20 4 3 o .00 0 <00 o .00 0 .00 1 25.00 1 33.33
30 13 9 0 .00 0 .00 0 .00 o .00 3  23.08 2 22.22
40 A0 2T 0 .00 0 «00 0 .00 0 .00 9  22.56 & __22.22
50 121 a1 1 .83 1 1.23 6 +00 0 <00 25 20.66 16 7 19.75
60 364 243 4 1.10 3 1.23 0 .00 0 <00 70 19.23 45  18.52
70 1693 729 13 1.19 9 1.23 0 00 0 .00 196  17.93 126 17.28
80 3280 2187 40 1.22 27 1.23 0 .00 0 «00 553  16.86 357 16.32
90 9841 6561 94 .96 54 .82 X .01 1 .02 1569  15.94 1016  15.49
__ 100 29524 19683 220 .75 126 .64 11 +04 10 <05 4476 15.16 2907 14,77
1io0 88573 59049 514 .58 294 .50 &7 .05 36T L06 TTTI2826  14.48 8350 T4.l4
120 265720 177147 1201 45 687 .39 189 .07 142 .08 36894  13.88 24068  13.59
8 =10 A =11 =10 A=12
N = kp FRROR MAGNITUDES  nIss TOTAL MISS INCREMENT MISS TOTAL MISS TNCREMENT
TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
10 B S SR A T A R T U .00 T ~00
20 4 3 0 .00 0 00 0 00 ° -00
30 13 9 0 .00 0 .00 0 00 0 00
40 4C 27 0 .00 0 .00 0 .00 0 00
50 121 81 0 .00 0 .00 0 .00 0 .00
60 364 243 0 .00 0 .00 0 .00 0 +00
TTY0 A0 T2 TR .00 T BT W00 T T 1T Tong X 13
80 3280 2187 0 .00 0 00 4 .12 3 .14
90 9841 6561 o .00 0 00 13 .13 9 .14
100 29524 19683 0 .00 o 00 40 .14 27 .14
110 88573 59049 1 .00 1 .00 121 <14 81 .14
120 265720 177147 13 .00 12 .01 364 .14 243 .14
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Table A-21. Byte length B = 10

B= 9 A= 2 B= 9 A= 3 B= 9
N = KB® ERROR MAGNITUDES  "Ri§§ TOTAL MISS INCREMENT NISS ToTaL W1SS TNCREMENY TTMISS TOTAL™ ”""xss INCREMENT ~
T PP _ TOTAL_INCREMENT '~ COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
9 | 1 T TG 00 - 00 0 00 0 00 -
18 4 3 1 25.00 1 33.33 1 25.00 1 33.33 0 -00 0 +00
27 13 9 4 30.77 3 33.33 T3 23.08 T2 T22.22 07T 0T T 0T 000
36 40 27 13 32.50 9 33,33 9 22,50 6 22.22 1 2.50 1 3.70
45 121 81 40 33.06 27 33.33 7 25 20.66 16" 19.75 6 4,96 5 61T’
54 364 243 121 33.24 81 33.33 70 19.23 45 1B.52 22 6.04 16 6.58
63 1093 729 T364 0 733,307 24377 33033 197 18,02 T 12T 1742 15 [ P% 4} 52 7.13
72 3280 2187 1093 33,32 729 33.33 561  17.10 364 16.64 225  6.86 151  6.90
81 9841 6561 3280 33.33 2187  33.33 i6ia  16.40 1053 16.05 664 6.75 439 6.69
90 29524 19683 9841  33.33 6561  33.33 4686  15.87 3072 15.61 1976 6.69 1312 6.67
99 88572 59049 29524  33.33 19683  33.33 13706 15,47 9020 15.28 5896 6.66 3920 6.64
108 265720 177147 88573 33.33 59049 33,33 40326  15.18 26620 15.03 17681 6.65 11785 6.65
) Bx 9 A= 5 B= 9 A= & d= 9 A= 7 .
N = kp FRROR MAGNITUDES MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT MISS TOTAL MISS INCREMENT
- TOTAL INCREMENY COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT _COUNT PERCENT _COUNT PERCENT
9 1 1 0 .00 0 <00 [\ .00 0 .00 o .00 L 00
.18 & 3 0 400 9 «00 0 .00 0 .00 0 .00 0 <00
27 13 9 0T .00 0 .00 T 7.69 1 1.1l 0 .00 0 <00
36 40 27 0 .00 0 <00 4 10.00 3 11.11 [ <00 ° <00
45 121 a1 1 .83 1 1.23 10~ 8.26 6 T.41 0 «00 0 -00
54 264 243 7 1.92 6 2.47 24 6.59 14 5.76 0 «00 [ =00
63 1093 729 21 2.47 20 2.74 66 T 6.04 42 5.76 1 -09 1 14
.12 __ 3280 2187  _ 97 2.96 10 3.20 180 5.49 114 5.21 9 «27 a «37
81 3841 6561 32977 T334 232 3.5% 484 [ 7 304 4.63 %5 46 36 55
90 29524 19683 1004 3.40 675 3.43 1300 4.40 816 4,15 201 .68 156 <79
99 88573 59049 2940 3.32 1936  3.28 3595 T 4,06 2295 3.89 701 .79 8500 .85
108 26572C 177147 8708 .28 5768 3.26 9940 3.74 6345 3.58 217 .82 1470 .83
R B = S A= 8 o B = A 9 = 9 A=10
N - gkp CRROR MAGNITUDES ~jj$5 foTAL ~  WISS INCREMENT ~ WIS YOTAL =~ 'WTSs INCRERERT — —RTSS TaTAL WSS TRCRERENT™
“TOYAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT  COUNT PERCENT _COUNT PERCEN
9 1 1 ° .00 0 -00 0 .00 0 .00 ° 0 <00 0
18 4 3 0. .00 0 <00 1 25.00 1 23.33 0 .00 0
27 13 9 [ .00 0 <00 3  23.08 2 22,22 0 .00 0 -
.36 40 27 K2 +00 ° «00 9 22,50 6  22.22 0 .00 0
45 121 81 [} .00 0 <00 25 20.66 i6 19.7% 0 -00 0
54 364 243 0 .00 0 <00 70 19.23 45 18.52 0 <00 o
63 1093 729 0 .00 0 .00 196 ~ 17.93 126 17.28 0 <00 0
72 3280 2187 1 .03 1 <05 553  16.86 357 16.32 0 =00 0
81 9841 6561 10 .10 9 .14 1569 15.94 1016  15.49 0" w00 0
___. S0 29524 19683 42 <14 32 .16 4476 15.16 2907 14.77 1 .00 1
99 88573 59049 166 .19 124 <21 12826 14.48 8350 " 14.14 12 ) 11
108 265720 177147 644 .24 478 .27 36894 13.88 24068  13.59 52 .02 40
. B= 9 A=11 E= 9 Aal2
N - xp CRROR MAGNITUDES g 1oTAL TWISS INCREMENY MISS TOIAL ~~  WISS INCREMENT
s TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
9T T 00T 0 w00 T <00 0 00
18 4 3 ° .00 [ <00 0 .00 0 4+00
27 13 9 0 .00 Q Q0 T @ .00 ] *.o0
36 40 27 0 .00 0 +00 0 .00 0 .00
45 121 81 0 .00 0 <00 "1 .83 1 1.23 -
54 364 243 0 .00 0 -00 4 1.10 3 1.23
B IS U R 1 000 [ 00 3 7119 5 1.27
72 328C 2187 0 .00 0 <00 40 1.22 27 1.23
81 9841 6561 0 .00 0 <00 94 T .98 S4 T .82
90 29524 19683 0 .00 0 -00 220 .15 126 64
99 88573 59049 1 .00 1 -00 514 .58 T 294 T .80
108 265120 177147 13 .00 12 +01 1200 45 686 -39

!
|
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Table A-22. Byte length B = 12

— o B=12 A= 2 . B =12 A= 3 B =12 A= 4
N - kp ERROR MAGNITUDES ~ W{§§ TGTAL RISS INCREMENT ~—  WISS TOTAL = WISS INCRERENY =~ ~WISS TOTAL  WISS INCREWENT
TOTAL INCRERENT COUNT PERCENT COUNT PERCENT COUNY PERCENY COUNT PERCENTY COUNT PERCENT COUNT PERCENT
12 1 1 (] 00 v . ] <00 (0 -00 ) 200 T .
24 4 3 1 25.00 1 33.33 1 25.00 1 33.33 1 25.00 1 33.33
36 13 9 T&TU30.TT T 3T 33033 T T 377 73.08 Z 22,227 T 73 23.68 2 2227
48 40 27 13 32.50 9 33.33 9 22.50 6 22.22 9 22.50 6  22.22
60 121 81 a0 33.06 T 21 3303 285 720,667 16 19.75 25 20.68 6 19,75
12 364 243 121 33,24 81 33,33 70 19.23 &5 18.52 70 19.23 45 18.52
o4 1693 729 Y64 T 33.30 T ZA3 33,33 9T I8.0Z IIT  IT.AZ T I%E T IT. .
96 3280 2187 1093 33.32 729  33.33 561  17.10 364 16.64 553  16.86 357 16432
108 9841 6561 3200 " 33.33 2187 33.33 T 1614 16.40 1053 16.05 1569  15.94° 1016 15.49
120 29524 19683 9841 33,33 6561 33.33 4686  15.87 3072 15.61 4476  15.16 2907 14.77
132 08573 59049 29524 33,33 19683 ~ 33.33 13706 15.47 77 79020 15.28 12826 14.48 8350 14.14
144 265720 177147 88573 33,33 59049 33.33 40326 15.18 26620 15.03 36894 13.88 24068 13.59
, B=12 A= 5 B=12 A= & B=12 A= 17
N = kg CRROR MAGNITUDES = miss TOTAL MISS INCREMENT WISS TOVAL MISS INCREMENT MISS TOTAL MISS INCREMENT
B TUTQII. INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNY PERCENT COUNT PERCENTY
12 I § 1 [ I 00 T 0 " .00 - R+ AR o B 0 TTL.o0TT o 0 TL00 T T TTTO 00
24 4 3 0 «00 0 «00 1 25.00 1 33.33 0 «00 /] «00
36 13 9 0 ~00 [ +00 3 23.08 7 22.22 0 00 0 .00
48 _ 40 27 0 -00 ] «00 9 22.50 6 22.22 4] «00 0 «00
60 121 81 1 .83 T l.23 25 20.66 16 19.75 ) .00 0 <00
72 364 243 7 1.92 6 2.47 70 19.23 45 18.52 V] «00 0 «00
84 1093 729 31 2.84 T 24 3,29 196  17.93 126 17.28 1 7 .09 IS o147
96 3280 2187 107 3.26 76 3.48 553 16.86 357 16.32 9 «27 8 «37
108 9841 6561 329 335 2227 3.38 1565  15.9% TOI6 " I5.49 133 <46 36 =55
120 29524 19683 1004 3.40 675 3.43 4476 15.16 2907 14.77 201 «68 156 -T19
132 88573 59049 2940 3.32 1936  3.28 12026 ° 14.48 8350  l4.14 701 W19 77800 -85~
144 265720 177147 8644 3.25 5704 3.22 36894 13.88 24068 13.59 2171 .82 1470 «83
_ B=12 A= 8 B =12 A= 9 B=12 A=10
N - xp ERROR MAGNITUDES ~~"HT$S TOVAL NISS INCREFENT ~~ WIS TOTAL ~ ~ ~ NTSS INCREWMENYT NCREREN
= TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT _ COUNY PERCENT
12 1 1 0 .60 0 .00 0 <00 TT0T W00 ') 007 0 <00
24 4 3 0 .00 0 +00 0 <00 0 .00 o .00 0 .00
36 13 9 1 T.69 1 11.11 0 .00 0 .00 0 «00 [4] «00
48 4C 27 4 10.00 3 11.11 1 2.50 1 3.70 0 .00 0 .00
60 121 81 10 8.26 T T 3 3.31 3 3.70 ° .00 0 .00
72 364 243 24 6.59 14 S.76 13 3.57 9 3.70 1 .27 1 o4l
84 1093 129 66 6.04 T 42 5.76 31 2.84 18 2.47T 4 .37 3 4l
96 3280 2187 180  5.49 114 5.21 13 2.23 42 1.92 13 <40 9 .41
108 9841 6561 484 4,92 304 463 1N L4 98 1,49 T 407 .4l 27 “eal
120 29524 19683 1300  4.40 816  4.15 465 1.57 294 1.49 121 .41 81 o4l
132 88573 53049 3595 4.06 7295 T 3.89 TT.43 T W8 T I.3% 283 .32 TeZ w21
144 265720 171147 9940 3,74 6345 3,58 3429 1.29 2166 1.22 661 .25 318 .21
8=12 A=11 B =12 A=12
N = kg ERROR MAGNITUDES - )5y TOTAL ~ ° WISS INCREWENT “WISS YOTAL  ~ MISS TNCREWENY
= TOTAL INCREMENT COUNT PERCENT COUNT PERCENT COUNT PERCENT COUNT PERCENT
B b I ) G 00 T <00 T 00 o .00
24 a4 3 0 .00 0 +00 1 25.00 1 33.33
~ 38 13 9 0 TG00 T o .00 37308 C27E2427
as 40 27 0 .00 0 00 9 22.50 6 22.22
" 60 121 81 0 .00 o .00 2577 20,66 7 16 T 19.75
12 264 243 0 .00 0 +00 70 19.23 45  18.52
B84 1093 129 U 00 1) «00 T - -
96 3280 2187 0 .00 0 .0Q 553  16.86 357 16432
108 9841 6561 ° w00 U6 T L00 156577 15.94 7 1018 15.49
120 29524 19683 0 .00 0 .00 4476  15.16 2907  14.77
132 ;! 59049 1 .00 1 .00 12026 ~ 14448 "7 83507 [4a14°
144 265720 177147 13 .00 12 -01 36894  13.88 24068  13.59
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